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Preface 
 
The small is different. Downsized two-dimensional (2D) nanosheets have 
amazing functionalities. The sp2-hybridized B-C-N-system nanosheets such as boron 
nitride (BN), graphene and carbon-boron nitride (C-BN) are the outstanding 
representatives of them. The mass production of high-quality nanosheets is still a 
challenge which has severely hindered their progress, as introduced in Chapter 1. 
Herein, I have developed a universal synthesis technology of “chemical blowing” 
to realize the mass production of BN, Cx-BN and graphene nanosheets. This route 
relies on blowing molten polymer precursors into large polymeric bubbles at 
100-400oC, which are then annealed into crystalline bubbles. Diverse nanosheets are 
finally refined from their corresponding crystalline bubbles. 
In Chapter 2, BN nanosheets are successfully fabricated through such a 
“chemical blowing” route. They have been produced with an exceptionally high yield 
and exhibited large lateral dimensions. 
In Chapter 3, Cx-BN nanosheets are synthesized by a modified “chemical 
blowing” in an ethanol atmosphere. The Cx-BN nanosheets exhibit tunable bandgaps 
and conductivities. Graphene nanosheets are also produced through an 
NH4Cl-assistant “chemical blowing”. They possess a high conductivity and a large 
surface area. 
In Chapter 4, high-throughput BN and graphene nanosheets are filled into 
polymer matrices to fabricate polymeric composites. Their excellent performances are 
revealed and analyzed. 
The developed herein synthesis technology has succeeded in the mass production 
of nanosheets in the B-C-N system, and may be extended to the analogous growth of 
other 2D nanosheets. The abundant nanosheets thus open up a new field and enable 
the full realization of their rich potentials in nanotechnology. 
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The small is different. Under reducing the structure size in one, two or three 
dimensions, many properties of a material undergo huge qualitative and quantitative 
changes due to quantum confinement and/or surface effects. Zero-dimensional (0D) 
fullerenes and particles, one-dimensional (1D) nanotubes and nanowires, and 
two-dimensional (2D) nanosheets are perfect examples of such new low-dimensional 
materials’ families. Such amazing structural and functional nanosheets are introduced 
in Section 1.1. Their outstanding representatives, sp2 hybridized B-C-N-system 
nanosheets, such as boron nitride (BN), carbon (C) and carbon boron nitride (C-BN) 
nanosheets, are then introduced in Sections 1.2.1-1.2.3. The 3D-designed ensemble of 
2D nanosheets is a new highlight, as presented in Section 1.2.4. The unusual physical 
and chemical properties and two typical applications of BN and graphene nanosheets 
(i.e. polymeric composites and electrode materials) are described in the last Section 
1.3. Based on these accomplishments, I have completed the studies on the synthesis, 
properties and applications of BN, Cx-BN and graphene nanosheets over the past three 
years; these results are presented in this Thesis. 
 
1.1. 2D Crystals and Nanosheets 
Dimensionality is an important parameter of a material. A 2D crystal is defined as 
a crystalline material with a thickness dimension of only one atomic layer. Although 
2D crystals were studied in theory for many years, the interest in them was not so 
keen until 2004, because they were predicted to be naturally unstable. Since K. S. 
Novoselov, A. K. Geim and their colleagues found the free-standing graphene in May 
2004,1 a one-atom-thick carbon sheet, and introduced the graphene as a real 2D 
crystal, the relative research and publications on graphene and other 2D crystals 
became a booming area. 
2D crystals are the new highlights. They exhibit clear differences from a bulk film. 
For example, the charge carriers, i.e. electrons, in a graphene have giant intrinsic 
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mobility, a zero effective mass and micrometer-long free pathway without scattering 
at room temperature. Such unique properties can partially be preserved until the 
number of layers increases to 10. The 2-10 layered graphitic flakes are thus named as 
“few-layered graphenes” by A. K. Geim. In fact, based on different physical 
phenomena, the critical thickness varies. Some characteristic lengths are listed in 
Table 1.1. Characteristic lengths indicate the maximal values over which the physics 
remains to be ordinary and the same with the bulk form. 
In my opinion, nanosheet is also defined through its physical characteristics 
which are different from a bulk film. The diverse characteristic lengths, rather than an 
awkward definition of “100 nm”, determine the critical thickness of a nanosheet. This 
rule is equally right for nanosheets and 2D crystals. Based on these concepts, the old 
term “nanosheet” just refers to the modern and fashionable mono-/few-layered 2D 
crystal. It possesses unique properties deriving from a low dimensionality, and is 
obviously different from the bulk. 
 
Phenomena  Typical length scale 
Size quantization  tens of nanometers 
Crystal phase  tens of nanometers 
Doping/defects  tens of nanometers 
Single-charge effects ca. 50 nm (at room temperature) 
Charge depletion (screening length)  ca. 100 nm 
Scattering/interference of light  hundreds of nanometers 
Ballistic electron transport  hundreds of nanometers 
Table 1.1 Different size-related phenomena. The length scales are a rough estimation 
of the size below which the phenomenon can be observed (for the last three 
phenomena, typical values of the sizes, screening lengths and ballistic transports, in 
particular, can vary over orders of magnitude). Reproduced from ref.2 
 
The story of nanosheets/2D crystals started from the layered materials, similar to 
Chapter 1. Introduction to B-C-N-System Nanosheets 
4 
the history of nanotubes which prospered from layered cylindrical tubes to 
non-layered faceted tubes3, according to my understanding. Layered materials have 
strong in-plane bonds and weak van der Waals coupling between layers. They easily 
form sheet-like structures. In principle, all the layered materials can be exfoliated to 
their 2D forms. Many reports have appeared on those systems, such as sp2-hybridized 
materials (e.g., graphite, BN, BCxN), transition metal dichalcogenides (e.g., MoS2, 
WS2, SnS2, NbS2, TaS2, TaSe2, NbSe2), double hydroxides (e.g., montmorillonite, 
Mg2/3Al1/3(OH)2, Co2/3Al1/3(OH)2)4, metal carbides (e.g., Ti3C2), chlorides & iodides 
(e.g., CdCl2, NaCl, CdI2, PbI2), aluminosilicates, manganites, titanates, cobaltates 
(e.g., La1-xSr1+xMn2O4, Na2Ti3O7, NaCoO2) and high-temperature superconductors 
(e.g., Bi2Sr2CaCu2Ox), as shown in Figure 1.1. They have diverse functionalities and 
wide applications in the fields of 2D superconductivity, semiconductivity, catalysis 
and magnetism. 
 
Figure 1.1 (a-d) Single-layer crystallites of NbSe2, graphite, MoS2 and 
Bi2Sr2CaCu2Ox visualized by atomic force microscopy (AFM), scanning electron 
microscopy (SEM) and optical microscopy (all scale bars: 1 m). Reproduced from 
ref.5 
 
Besides layered materials, the non-layered materials also begin joining into the 
crystalline 2D family. A free-standing metal nanosheet, palladium nanosheet, has 
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recently been reported, as shown in Figure 1.2a-c. It exhibits a surface plasmon 
resonance peak in the near-infrared region and electrocatalytic activity for the 
oxidation of formic acid. The activity is 2.5 times greater than that of commercial 
palladium black catalyst. Moreover, graphyne, a one-atom-thick planar sheet of sp 
and sp2-bonded carbon atoms, was conjectured more than 50 years ago. It has recently 
been found and may have properties similar to graphenes, as shown in Figure 1.2d-f. 
Comparing with layered materials, it is more difficult to obtain non-layered 2D 
crystals according to the energy assessments. The layered and non-layered 2D crystals 
are raising material stars showing unique properties. They are displaying their 
amazing potentials in energy, catalysis, superconductivity and electronics fields.6,7 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 (a) Transmission electron microscopy (TEM) image of the palladium 
nanosheets. Inset: photograph of an ethanol dispersion of the as-prepared palladium 
nanosheets. (b) AFM image of 27-nm-sized Pd nanosheets. (c) Structure drawing of a 
hexagonal Pd nanosheet. Reproduced from ref.8 (d,e) TEM image and selected area 
electron diffraction (SAED) pattern of graphyne films. Reproduced from ref.9 (f) 
Predicted structures of graphyne. Reproduced from ref.10 
 
(a) (b) 
(f) 
(c) 
(d) (e) 
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1.2. sp2-Hybridized B-C-N-System Nanosheets: Structure and 
Synthesis 
Among numerous nanosheets, sp2-hybridized honeycomb-like B-C-N systems are 
distinctive because they are good electrically-neutral models for understanding 
nanosheets/2D crystals. They have strong bonds in plane and weak  attraction to 
the substrate/environment, which determine their unique physics, diverse 
functionalities and wide applications. There are many “superstars” in the 
B-C-N-system nanosheets, including BN, BCxN, BC3, C3N4, CNx and graphene 
nanosheets.11 
 
1.2.1. Hexagonal BN and Graphite Layers: Old History and Modern Miracle 
BN is a compound with equal numbers of boron and nitrogen atoms. It is 
isoelectronic to graphite crystal. There exist several crystalline forms of BN. The 
cubic variety is called c-BN. It has the thermal and chemical stability superior to 
diamond, while its hardness is inferior to diamond. The rare wurtzite modification of 
BN is similar to the hexagonal diamond. Hexagonal form (h-BN) is a sister of 
graphite, which is the most stable and softest. 
BN has not been found in nature. It was first artificially produced in 1842.12,13 It 
was used in cosmetics around 1940. Because of the high cost, h-BN was not that 
popular until the late 1990s. Today h-BN is widely used in skincare products, 
insulators, solid lubricants and pencil leads. In 2000, the price of standard 
industrial-quality h-BN varied from 75 to 120 $/kg. A free-standing h-BN monolayer 
was firstly found in the mechanically milled residue, like graphenes found in a lead 
residue. They are also called as “white graphenes”, corresponding to a bulk h-BN 
precursor which is named “white graphite”. 
Graphite is the most abundant and naturally occurring carbon allotrope. Graphite 
is a semimetal and an electrical conductor. It was proposed as early as during the 
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ancient Greek age. Around 1565, graphite was used as a refractory material. In 1700's, 
natural graphite was used to make pencil leads. In the last decades, synthetic graphite 
was developed to make electrodes for batteries, brushes for motors and generators and 
solid lubricants. In 2007, synthetic graphite was commercially available at a price of 
around 5 $/kg. 
Amorphous graphite, such as carbon black and coke, is useful in chemical 
engineering. Carbon fibers are specially oriented graphite exhibiting high strength, 
valuable for making ultra-light cars. Highly ordered pyrolytic graphite (HOPG) which 
was firstly synthesized in 1963 is used for scanner calibration in scanning tunneling 
microscopes (STM). A graphitic monolayer, the graphene, was mechanically peeled 
off from HOPG in 2004.1 
For few-layered BN and graphite, the stacking mode is an additional parameter 
which is not of issue for one-layer materials (Figure 1.3). Both BN and graphite 
mainly have two types of crystal stacking, i.e., AB stacking and ABC stacking. 
Crystallization of BN layers is governed by the strong tendency to have the atomically 
perfect B-N stacked consecutive layers, resembling a 3D bulky BN crystal. In contrast, 
there is a relative freedom in a rotational disorder between neighboring carbon shells, 
which can lead to a wide variety in few-layered graphenes.14 
 
 
 
 
 
 
Figure 1.3 Two stacking modes of BN and graphite: hexagonal-like AB stacking ( 
phase) and rhombohedral-like ABC stacking for BN and graphite, respectively. 
Natural graphite belongs mainly to AB stacking. (a,b) are reproduced from ref.14 
 
The sp2-hybridized C-C and B-N bonding has very similar characteristics in 
mechanics and thermology, while great difference in optics and electronics. 
2H-graphite 
3R- 
graphite 
(a) (b) (c) (d) 
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Essentially, the similar points result from the close positions of B, C and N in the 
elemental Table, while the different ones result from the heterogeneous atoms. The 
essence of chemical bonding is the redistribution of electrons toward minimum energy. 
The predecessor atom orbits are different between B-N couples and C-C couples, 
which lead to the different redistribution of electrons. The bonding orbit  of B-N is 
mainly dominated by 2p orbit of N, while 2p orbit of B contributes mostly to the 
antibonding orbit, as shown in Figure 1.4a,b. This implies a significant charge 
transfer from B to N, around 0.4 electrons. In contrary, there is no significant electron 
transfer in C-C bonding. There is only a small excursion in the level of 0.01 electrons 
from the centre to the edge in a graphene fragment. Therefore, B-N bonding is 
partially ionic, while C-C bonding is covalent. This also leads to the different electron 
band structure. BN has a large bandgap of 5.5 eV, while graphenes has zero bandgap. 
The different electron band structures further result in the huge difference of electrical 
and optical properties between BN and graphite, e.g., BN is an insulator, while 
graphite is a conductor; BN is white, while graphite is black in color. 
 
 
 
 
 
 
Figure 1.4 (a) Bond level and band structure evolvement of 12-electron B-N and C-C 
systems. The picture is drawn according to the atom orbit energy of B, C and N. The 
molecular orbit and charge transfer is estimated using Gaussian first-principle 
calculation. The electron band structure is sketched using Vienna ab initio simulation 
package (VASP) software (calculation details are listed in Figures 2.20 & 3.10 of 
Chapters 2 & 3). (b) Bond density profiles along the bond directions of diatomic 
molecules B-N and C-C. 
 
On the other hand, the strong bonding between B-N and C-C leads to the 
(a) (b)
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similarly bond energies, 4.0 and 3.7 eV, respectively. The same crystal lattices 
together with close bond force constants of B-N and C-C (7 and 9 N/cm, respectively) 
determine their similar mechanical and thermal properties. Elastic modulus C33 is 
18-67 and 30-40 GPa for h-BN15-17 and graphite,18-23 respectively. The thermal 
conductivity of h-BN is 1700-2000 W/mK, through the mode of phonon transport.24 
The thermal conductivity of graphite is up to 2400 W/mK at 10-2000 K, mainly 
resulting from phonon transport and marginally from electron transport,25 and is 
probably slightly higher than that of h-BN. The unique properties of h-BN and 
graphite are listed in Table 1.2. 
 
Parameters h-BN Graphite 
Lattice of a-Axis (nm) 0.250 0.246 
Bond Length (nm) 0.144 0.142 
Bond Energy (eV) 4 3.7 
Bond Force Constant (N/cm) ~7 ~9 
Inter-Layer Spacing (nm) 0.333 0.335 
Dipole Moment (Debye) 4.5 0 
Charge Transferred (e) ~0.4 0 
Bandgap (eV) 5.5-6.0 0 
Effective Carrier Mass (me) 1.6 0 
Table 1.2 Similar and disparate characteristics of h-BN and graphite. Lattice 
parameters are obtained from diffraction data. Effective electron mass26, bond energy, 
dipole moment and transferred electrons values come from the first-principle 
calculations. Bond force constant is calculated from infra-red vibrations; bandgap is 
calculated from UV-Vis data, as discussed in the main text. 
 
The sp2-hybridized C-C and B-N are inextricably linked sister systems. They 
went together through the whole history of low-dimensional materials, including the 
fullerene age, the nanotube age and nanosheet age (Figure 1.5). C60 buckyballs were 
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found in 198527, octahedral BN fullerene was obtained in 1998.28,29 Inspired by 
carbon nanotubes (CNTs) identified in 1991,30 BN nanotubes were successfully 
synthesized in 1995.31 Subsequently, nanoparticles,32 nanowires,33-35 nanoribbons, 
nanofibers, and nanorods were also fabricated.36-39 Following the rise of graphenes in 
2004, free-standing BN 2D sheets were produced in 2005. 
Comparing with 0D nanoparticles and 1D nanofibers/tubes, 2D nanosheets can 
maximally expose their basal (002) crystal planes, thus the regarded excellent 
intra-plane properties substantially work for electron and phonon transport and force 
transfer, and finally navigate the performance of their products. Therefore, h-BN and 
graphene nanosheets are especially excellent and unique objects for fundamental 
studies and smart applications. The superb mechanical, thermal properties and 
chemical stability make h-BN nanosheets excellent candidates for deep ultraviolet 
luminescence, lubrication, polymeric and ceramic composites.40,41 Graphenes also 
provide extraordinary thermal and mechanical properties. Besides, long-range 
-conjugation in graphenes yields excellent electrical properties with 
room-temperature high mobility, which is far larger than that of traditional silicon. 
These issues have recently become of the particular interest in many theoretical and 
experimental studies, which are further explained in the next two Sections. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Comparative structural models of B24N24 fullerene, C60 fullerene, CNTs, 
(e) 
(b)(a) 
(f) 
(d)(c) 
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BN nanotubes, monolayered BN and graphenes. The alternating B and N atoms are 
shown in blue and pink, respectively. Red and green atoms show the negative and 
positive charge population, respectively. 
 
In addition, because of zero bandgap of graphenes and the large bandgap 5.5 eV 
of h-BN, C-BN incorporated nanosheets are expected to exhibit tunable bandgaps 
from 0 to 5.5 eV. The analogous dream has also existed in traditional semiconductor 
technology for decades, i.e. a homogenous BCxN solid solution. Graphene-based 
electronics requires a non-zero bandgap. The tunable bandgap is further very valuable 
to regulate the semiconducting performance of C-BN materials in sensors, detectors, 
lasers, solar cells and thermoelectrics. This is further discussed in Section 1.2.3. 
 
1.2.2. Review of Synthesis of Mono-/Few-Layered BN and Graphene 
Mono-/few-layered h-BN and graphenes are structural analogs. Before 2004, a 
BN monolayer attached on a substrate has been studied in the field of surface 
chemistry and physics. Early in 1995-2004, a BN monolayer was epitaxially formed 
on the surfaces of transition metals, such as Ni, Pd, Ru and Pt.42 In 2004, a regular 
mesh of h-BN with a 2-nm hole was formed on a Rh-(111) single crystalline surface 
(Figure 1.6a).43 The preparation procedure consisted of exposing the atomically 
clean Rh-(111) surface at 800°C to B3H6N3 vapor inside an ultrahigh vacuum chamber 
and consecutive cooling to room temperature. After 2004, diverse methods for 
fabricating graphenes are used for the production of mono-/few-layered BN, such as 
exfoliations, chemical vapor deposition and unzipping nanotubes (Figure 1.7). 
Graphene-like materials were also studied for a long time before 2004: one type 
was a substrate-attached graphite monolayer without removing the substrates (Figure 
1.6b);44 another one was graphite oxide. The first success in dissolving graphite dates 
back to the end of the 19th century through treating graphite with strong acids to 
afford graphite oxide products (Figure 1.6c). 45 , 46  Theoretical studies on 
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graphenes/2D graphite were performed more than 60 years ago.47-49 In 1980s, it was 
realized that graphenes might provide an excellent condensed matter analogue in 
quantum electrodynamics, which propelled graphenes into a thriving theoretical 
model.50-52 Graphenes were presumed to be unstable with respect to the formation of 
curved structures such as soot, fullerenes and nanotubes. A free-standing graphene 
was found in 2004. More importantly, its charge carriers of massless Dirac fermions 
made a breakthrough in fundamental research and in next-generation high-speed 
electronics. So far, there have been plenty of methods developed to synthesize 
graphene products. Among them, chemical exfoliation based on the Hummers route48 
has yielded a large-mass practical product, namely, reduced graphene oxide. 
Synthesis of BN and graphene nanosheets is still a new field in materials science. 
Diverse synthesis routes are briefly discussed herein following the sequence of 
top-down methods (i.e., several exfoliation routes in Sections 1.2.2.1-5), 
substrate-assistant bottom-up methods (i.e., epitaxial growth in Section 1.2.2.6, and 
CVD in Section 1.2.2.7), substrate-free bottom-up methods (i.e., arc-discharge in 
Section 1.2.2.8, solvothermal synthesis in Section 1.2.2.9 and wet chemical synthesis 
in Section 1.2.2.10) and a special method of nanotube-unwrapping (in Section 
1.2.2.11). 
 
 
 
 
 
 
 
Figure 1.6 (a) STM image taken at 77 K in which the h-BN nanomesh is atomically 
resolved on a Ru substrate. Reproduced from ref. 53  (b) STM image of 
graphite-covered TaC-(111) surface. The dark area represents the lower terrace. 
Reproduced from ref.42 (c) TEM image of colloidal graphite oxide. Reproduced from 
ref.54 
(a) (b) (c) 
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Figure 1.7 Sketched strategies of several typical synthesis methods for BN and 
graphene nanosheets. 
 
1.2.2.1 Mechanical Cleavage, Jet Cavitating and Ball Milling 
The pioneering procedure to obtain atomic sheets of layered materials is a 
micromechanical cleavage technique. The adhesive force of a tape is high enough to 
overcome the van der Walls bonding of graphitic layers and to peel off graphene 
multilayers. During repeated procedures for 10-20 times, a free-standing monolayered 
graphene was separated, as previously shown in Figures 1.1 and 1.7.5 BN nanosheets 
with a thickness of 3.5-80 nm prepared by this route were revealed by AFM and TEM 
investigations.55 Mechanical exfoliation for graphene and BN nanosheets depends on 
a researcher’s skills and his hand-on experience. Such route is not proper to produce a 
large amount of nanosheets. 
Following the idea of exfoliation using a mechanical force, jet cavitation and ball 
milling were the subsequent developments of micromechanical cleavage technique. 
Through jetting cavities into graphite suspension, the tensile stress on the interface of 
graphite and water can break up the van der Walls bonding and to fabricate graphene 
flakes, as shown in Figure 1.8a.56 In another method, ball milling generates strong 
shear force to separate layers of a material. BN nanosheets obtained by this routs are 
shown in Figure 1.8b-c.57 The jet cavitating and ball milling techniques give a higher 
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yield of graphene and BN nanosheets than a micromechanical cleavage. 
 
 
 
 
 
 
Figure 1.8 (a) SEM image of graphenes fabricated by a jet cavitation method. (b-c) 
SEM images and corresponding diagrams illustrating two exfoliating mechanisms 
under the shear force. Reproduced from ref.61 
 
1.2.2.2 Chemical Exfoliation 
Chemical intercalation can replace the mechanical forces to break up the van der 
Walls bonding. Chemical exfoliation method featuring a chemical intercalation 
reaction is very famous and the first one suitable for industrial approaches. Typically, 
chemical exfoliation utilizes an oxidation to destroy the van der Walls bonding and to 
expand the graphitic layers, as shown in Figures 1.7 and 1.9. The graphite oxide is 
subsequently reduced into a final graphene product. Graphene oxide was studied by W. 
S. Hummers in 1958, so this route is also called as Hummers Route. The product is 
always named as reduced graphene oxide (RGO) for its excessive defects and 
functional groups, e.g., it has a lower quality and conductivity than mechanically 
exfoliated graphenes. Chemical exfoliation can yield a sufficient mass of RGO, 
currently several tons per year all over the world. However, the low quality of RGO 
limits its progress and suitability. Some improvements on Hummers Route are tried to 
fabricate a better product, e.g., pressurized oxidation.58 
In contrary to graphenes, it is more difficult to chemically intercalate the partially 
ionic BN layers. Because graphenes are aromatic, there is larger inter-layer exchange 
repulsion and weaker inter-layer attraction. BN is partially ionic, so the inter-layer 
(a) (b) (c) 
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interaction is stronger, which is disadvantageous in a view of intercalation. Both 
theory and practice suggest that the intercalation into BN layers is much more 
difficult.59 Although some reports claim the chemically exfoliated BN layers, the 
chemically exfoliated intermediates, e.g., BN oxide, are still not reliably proved. The 
lack of effective mass production of BN nanosheets has hindered their relative 
developments. 
 
Figure 1.9 Schematic illustration of Hummers Route. Reproduced from ref.60 
 
1.2.2.3 Liquid Exfoliation 
Besides mechanical and chemical force to break up van der Walls bonding, 
ultrasonic vibration and surface tension of a solvent are also available to separate the 
graphite or BN layers (Figure 1.7). In my opinion, such liquid exfoliation route 
depends on ultrasonic vibration to separate the layers. Newborn layers are then 
stabilized to prevent the reversible re-stacking. The surface stabilization of solvent on 
the exfoliated layers is necessary. This route resembles a solvation process. 
Differently, the above-mentioned chemical exfoliation route featured a chemical 
intercalation reaction. Intercalation is a chemical reaction with guest species coming 
into a host structure without major structural modification. Both liquid exfoliation and 
chemical exfoliation occur at a lower energy level than normal chemical bonding 
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reaction. Therefore they are not clearly distinguished sometimes. 
Liquid exfoliation is a useful method for the production of nanosheets. For 
example, few-layered h-BN nanosheets were obtained through sonication of BN 
powders in a polar organic solvent.39,61-64 Milligram levels of BN nanosheets with a 
thickness of 2-10 nm were achieved (Figure 1.10).65,66 The dilute concentration of 
product suspension is a problem in this route, because a lot of solvent is used together 
with possible pollution. The small lateral dimension of such products due to profound 
ultrasonic vibrations is another problem. 
 
Figure 1.10 (a,b) TEM images of a 2-layered BN nanosheet. (c) High-resolution TEM 
(HRTEM) image of a BN nanosheet. Inset is a simulated image based on a structural 
model of a BN sheet overlapped with another one with 13.8° rotation. Reproduced 
from ref.65 
 
1.2.2.4 Electrochemical Exfoliations 
Electrochemical interaction can also work for the separation of graphite layers. In 
an inorganic acid solution, anions may be intercalated into graphitic layers under an 
applied voltage. Graphene sheets may subsequently be exfoliated. Their sheet 
resistance is less than 1,000 /sq, superior to RGO.67 Electrochemical intercalation 
into BN layers should be very difficult due to their insulating properties. To my 
knowledge, there are still no reports on BN nanosheets following this route. 
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1.2.2.5 High-Energy Electron Irradiation 
Diverse thinning technologies, such as traditional polishing and new electron/ion 
polishing, had been firstly tried to make graphenes, but were not successful until the 
mechanical cleavage in 2004. Under an electron beam irradiation, the high energy 
leads to the high activity of surface atoms. The atomically thin regular graphene or 
BN nanosheets are thus created. Mono-layered BN was obtained through a 
layer-by-layer sputtering process using electron irradiation in a TEM. 68 , 69  By 
manually controlling the electron beam, different BN nanosheets were prepared, as 
shown in Figure 1.11. 
 
 
 
 
 
 
Figure 1.11 (a) HRTEM image of a mono-layered BN sample showing the vacancies 
with the same orientation and triangle shape. (b) Models for the atomic defects in 
mono-layered BN. Reproduced from ref.72 
 
1.2.2.6 Epitaxial Growth 
The epitaxial growth strongly depends on a pre-made substrate. Graphitic layers 
can be grown either on the Si or C faces of a SiC wafer by sublimating Si atoms, as 
illustrated in Figure 1.7. The quality of such graphenes is very high. The crystallite 
domains approach hundreds of micrometers in size. However, there are two 
drawbacks regarding this route: the high cost of SiC wafers and the high temperatures 
used. The epitaxial growth may also be applied to the growth of BN nanosheets, but 
this has not been reported, as far as I know. 
 
(a) (b) 
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1.2.2.7 Chemical Vapor Deposition 
An alternative technique to prepare nanosheets is chemical vapor deposition 
(CVD), which used to be famous in fabricating nanomaterials. This route relies on gas 
precursor species which are deposited on a substrate/template at a high temperature, 
as schemed in Figure 1.7. The substrate/template is not necessary if the product has a 
self-supporting spontaneous geometry, such as some certain nanowires. For growing a 
graphene with large lateral dimensions, a substrate is necessary. 
The first delicate work on graphenes derived from CVD was accomplished in 
2009.70 Then there were many efforts regarding CVD to make available wafer-level 
graphenes, e.g., roll to roll CVD illustrated in Figure 1.12. Two types of mechanisms 
worked for the growth of graphenes as derived from CVD: surface catalysis such as 
the one peculiar to a Cu substrate; and surface segregation such as in case of a Ni 
substrate. Wafer-level graphenes are the basis of the next-generation superfast 
carbon-based electronics which may replace the current silicon industry. Nevertheless, 
the defect density is high until now. The new technology is necessary for a feasible 
production of high-quality graphene wafers. 
BN nanosheets with a thickness of 25-50 nm were synthesized through a 
catalyst-free CVD process in 2009.71 Later, a multi-step thermal catalytic CVD route 
was employed to fabricate 2-5 layered BN nanosheets on a Cu foil.72 BN nanosheets 
with the thicknesses of 5-50 nm were also synthesized at an ambient pressure CVD on 
polycrystalline Ni films.73,74 Recently, a mono-layered BN was grown on Cu foils by 
using a low-pressure CVD.75 Vertically-aligned BN nanosheets were prepared by the 
microwave plasma CVD.76 A facile thermal CVD technique was developed by us to 
fabricate vertically-aligned BN nanosheets, using cheap B, MgO and FeO precursors 
(Figure 1.13).77,78 The majority of our nanosheets were less than 5 nm in thickness, 
and larger-size nanosheets were formed by increasing the growth time and/or the 
growth temperature. 
Chapter 1. Introduction to B-C-N-System Nanosheets 
19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.12 Graphene wafer derived from roll-to-roll CVD. (a) Wrapped Cu foil was 
inserted into an 8-inch furnace. Reactants were CH4 and H2 gases. (b) Roll-to-roll 
transfer of graphene films from a thermal release tape to a polyethylene terephthalate 
(PET) film at 120oC. (c) A transparent graphene film on a 35-inch PET sheet. (d) Ag 
paste electrodes were fabricated on graphene/PET panels through screen printing. (e) 
An assembled graphene/PET touch panel showing outstanding flexibility. (f) A 
graphene-based touch-screen panel connected to a computer. Reproduced from ref.79 
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Figure 1.13 (a) SEM images of BN nanosheets synthesized at 900-1200°C for 30 and 
60 min. The scale bar is 200 nm. Reproduced from ref.80 (b,c) Graphene films 
transferred onto a SiO2/Si substrate and a glass plate, respectively. Reproduced from 
ref.82 
 
1.2.2.8 Arc-Discharge 
Arc-discharge method has been utilized for all three nano-carbons: fullerenes, 
CNTs and graphenes. This technique provides high energy on an electrode material, 
and it is beneficial to construct the special structures under scales exceeding the 
length of a traditional chemical bond. Arc-discharge between graphite electrodes 
under a relatively high pressure of H2 yielded few-layered graphene flakes with 2-4 
layers.81 
 
1.2.2.9 Solvothermal Synthesis 
Solvothermal synthesis was sparsely reported for the production of graphenes. In 
the solvothermal process of sodium and ethanol, the two species reacted to form an 
intermediate solid. In further pyrolysis, the intermediate was transformed into a fused 
(a) (b) 
(c) 
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array of graphene sheets.82 A popcorn effect was proposed to dilate and separate the 
intermediate to yield the graphene arrays. This route is potentially able to realize the 
mass quantities of a graphene product. 
 
1.2.2.10 Wet Chemical Synthesis 
The organic synthesis towards graphenes essentially relies on polycyclic 
aromatization reaction, which is referred as molecular assembly in some delicate 
syntheses. Due to the low energy of C-H bonds and robust aromatic ring C=C, the 
aromatic precursors are preferentially polymerized into a poly-aromatic intermediate, 
which is then turned into graphenes through further cross-linking and polymerization. 
Hexadodecyl-substituted super-phenalene was such an intermediate, which is a huge 
annulene-like molecule. It was transformed into a graphene fragment during heating.83 
This route is very useful for the designed growth of graphene-based molecules for 
nanoelectronics. 
BN nanosheets were synthesized by a chemical reaction of boric acid and 
urea.84 , 85  Few-layered BN sheets were formed. Their thickness decreased with 
increasing the urea concentration. Although the composition change undoubtedly 
occurred according to the consideration of energy conversion, the morphology 
construction is still not clear; this requires further studies. 
 
1.2.2.11 Unzipping Tubes 
While rolling a graphite layer, one can get a CNT. Oppositely, through 
unwrapping nanotubes, one can get graphenes. There are several different “scissors” 
to cut nanotubes, as shown in Figures 1.7 and 1.14. This smart fabrication technology 
was first applied to grow graphenes in 2009, and was then utilized for producing BN 
nanosheets developed by us in 2010. 
A multi-walled CNT can be unzipped by its treating with sulphuric acid and 
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KMnO4 (an oxidizing agent) to form nanoribbons or few-layered graphene sheets.86 
CNTs can also be partially embedded in a polymer film, and then be etched by argon 
plasma.87 Another approach was to insert alkali-metal atoms between the concentric 
cylinders of a multi-walled CNT, which caused graphene sheets to peel off.88 The 
unzipping of BN nanotubes using plasma etching was also conducted by us.89 
 
Figure 1.14 Diverse “scissors” to unzip nanotubes. (a) KMnO4 oxidization; (b) 
Plasma etching; (c) Alkali-metal insertion; (d) A method still to be explored would use 
catalytic metal nanoparticles to cut a nanotube along its length like a pair of scissors. 
Reproduced from ref.90 
 
1.2.2.12 Overview on Synthesis of BN and Graphene Nanosheets 
A summary on all methods for making graphenes is presented in Figure 1.15. It 
is also applicable for BN nanosheets. The CVD methods can produce a product with 
large lateral dimensions. They aim the production of wafer-level graphene and BN 
nanosheets for graphene-based electronics; although the current products derived 
from CVD still have a high defect density. Currently, the price of 250 mm2 monolayer 
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graphene thin films on a Cu foil is $264.91 
Besides, many other applications of graphene and BN nanosheets may be 
envisaged based on their electrical/dielectrical, thermoconductive, optical, mechanical 
and high-surface-area properties. They always require the mass production with a low 
cost, a high yield and a relatively high quality. 
The current graphene product is mainly provided by the exfoliation method. 
There is ton-level production of RGO, e.g. the total production output of various kinds 
of graphenes was more than 15 tons in 2010. However, their crystal quality is usually 
low because of the harsh conditions during the chemical oxidation processes. Their 
lateral sizes are too small to demonstrate their superior properties in a practical 
application. Graphene nanoplatelets (5-8-nm thick) are currently sold at 219-229 
$/kg.92 The high price of such graphenes is another obstacle to the widespread 
adoption for commercial applications. Hence, the low quality and high cost of RGO 
has limited the prosperous practical applications of graphenes. 
In contrary to the abundant studies on graphenes with respect to their properties 
and applications, the research progress on BN nanosheets is drowsy. This might be 
attributed to the lean production of BN nanosheets, which hinders their scientific 
researches and immediate applications. CVD cannot give a high throughput of BN 
products due to technological limits. Chemical exfoliation, which realized 
ton-scale-level production of RGO, is still not available to peel the BN layers because 
of the difficulty in chemical intercalation. Currently, the price of 1-5 layered BN 
nanosheets with a lateral size of 50-200 nm is 200,000 $/g,93 roughly 6 orders of 
magnitude higher than that of graphenes. The mass production of BN nanosheets is 
thus the challenging goal of the Materials Society. Therefore, the lack of mass 
production of BN nanosheets has notably limited the studies on their properties and 
applications. 
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Figure 1.15 Several routes for the production of graphenes with different quality and 
price. Reproduced from ref.94 
 
1.2.3. Other B-C-N-System Nanosheets: CNx and BCxN 
Besides graphene and BN nanosheets, other B-C-N-system sheets, such as CNx 
and BCxN nanosheets, also have fundamental importance for the Materials Science. 
Nitrogen doping into a graphene is an effective way to tailor its properties. The 
Fermi level of a monolayered graphene shifts above the Dirac point after N doping, 
and the density of states near the Fermi level is suppressed, so a non-zero bandgap is 
opened. This is very useful to switch off a transistor in electronics.95 
CNx nanosheets in fact are high-N-content doped graphenes. Three types of N 
atoms normally exist: pyridinic N, pyrrolic N and graphitic N (Figure 1.16a). 
Pyridinic N and graphitic N (i.e., quaternary N) are sp2 hybridized and pyrrolic N is 
sp3 hybridized. The charge distribution of carbon atoms is influenced by the 
Chapter 1. Introduction to B-C-N-System Nanosheets 
25 
neighboring N atoms. Such local abnormity is very beneficial to catalyze chemical 
reactions, such as oxygen reduction reaction (ORR), or to anchor the metal atoms. 
The exotic N is also used to associate with more Li atoms in batteries to provide a 
higher capacity. 
Graphitic-phase C3N4 is a special CNx material. It is one of the oldest artificial 
polymers, which is known since 1834.96 It is made up of tri-s-triazine subunits 
connected by planar amino groups. The C3N4 nanosheet is a new member of CNx 
family. It is an important metal-free catalyst, very useful in photocatalysis and for the 
production of H2O2. 
 
 
 
 
 
 
Figure 1.16 (a) Three bonding configurations of N atoms in a graphene matrix. 
Reproduced form ref.97 (b) Predicted structure of graphitic-phase C3N4. 
 
Due to the large bandgap of BN (5.5 eV) and no bandgap in graphite (0 eV), a 
BCxN solid solution is anticipated to create new and tunable physical and chemical 
properties. It has been envisioned for decades in semiconductor industry. In the 
particular next-generation electronics, BCxN atomic sheets, which merge “black” (i.e. 
C) and “white” (i.e. BN) nanosheets, are considered as the important congener 
providing a smart approach to the bandgap-tunable semiconductivity.98 Their tunable 
bandgaps will also enable the outstanding functional flexibility in luminescence.99 
This aim is clear and doubtless. However, the possibilities to vary the bandgap from 0 
to 5.5 eV depend on the mixing modes of carbon and BN domains. 
It is known that the homogenous BCxN is a phase of high energy, because of the 
unstable B-C and N-C bonding (2.59 and 2.83 eV, respectively). The stable bonding 
of C-C and B-N is 3.71 and 4.00 eV, respectively (B-B and N-N are 2.32 and 2.11 eV, 
(a) (b) 
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respectively).100 The homogenous BCxN is thus may hardly be synthesized by current 
technologies. Phase-separated Cx-BN is easily formed according to the energy 
analysis and the phase diagram in Figure 1.17. Fortunately, the quantum confinement 
works in phase-separated Cx-BN, demonstrating tunable bandgaps along with the 
carbon fraction. The quantum confinement effect depends on the dimensions of phase 
domains, which thus determine the track in the plotting of the bandgap versus the 
composition. If the phase domains are too large to display the quantum confinement 
effect, there may be a steep slope corresponding to an abrupt change from 0 to 5.5 eV, 
as shown by Curve (1) in Figure 1.18. The Cx-BN product is analogous to a mixture 
of BN and graphite powders, so it is not an exciting material. If the size of phase 
domains decreases, the quantum confinement becomes stronger. A product with 
well-distributed 6-member rings of B3N3 and C6 should be a metastable phase, which 
is however more stable than homogenous BCxN. This product should possess a steady 
change in bandgap changes versus the composition, as predicted by Curve (2). Such a 
hybrid of B3N3-C6 is a right material to bring forth the tunable semiconductivity. 
Sometimes, a hybrid of B3N3-C6 is treated as a “homogenous” material, because it is 
difficult to synthesize an exactly homogenous BCxN sample. In addition, it should be 
noticed that not only the bandgap changes with the composition, but also the electron 
structure and spin properties change with the composition and the configuration. 
There were some reports on the phases of BCxN, such as BC2N (bandgap, 1-2 eV) and 
BCN (bandgap, 4 eV). The further clear description is still required with respect to 
such BCxN phases. 
The 2D “homogenous” BN-Cx nanosheets are also very new highlights. An 
atomic layer of hybridized BN and graphene domains was grown through a CVD 
route.100,101 The bandgap is only 18 meV for relatively large hybridized domains. The 
further small hybridized domains are required to introduce a moderate bandgap; this 
may be applied to radio-frequency field effect transistors. 
The term “homogenous” BN-Cx nanosheets can denote another metastable state, 
the alternative stack made of BN mono-layers and graphite mono-layers. It is in fact a 
layered superlattice. This material should be very stable because almost all of the 
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bonding consists of B-N or C-C pairs. It is a very interesting material in physics and 
electronics, for instance it may be of value for Coulomb drags and fabricating 
micro-capacitors. 
In a summary, the possibly tunable semiconductivity of BCxN is amazing. 
However, there is still no an effective method to synthesize such materials. In addition, 
there is also no an effective technology to identify the positions of B, C and N atoms 
in a BCxN layer, so it is difficult to determine whether it is homogenous or 
heterogeneous cases, and the existence of ternary BCxN compounds is still an open 
question. 
 
Figure 1.17 BN-C phase diagram. Reproduced from ref.102 
Chapter 1. Introduction to B-C-N-System Nanosheets 
28 
 
 
 
 
 
 
 
 
 
Figure 1.18 Bandgap engineering of BN-C materials. (a) Atomic structures and (b) 
calculated bandgaps of different supercells. (a: l, o, c, n, m) - ribbon-like mixing; (a: e, 
f, g, k, h, i) - patch-like mixing. Curves (1) and (2) in (b) are suggested lines sketched 
by me, showing two cases of BN and carbon domains mixing. The data except Curves 
(1) and (2) are reproduced from ref.103 
 
1.2.4. 3D-Designed Fast-Transport Architectures of Graphene 
3D design of nanomaterials with regular structures from nanometer- to meter- 
scales is a rather recent trend because such materials can effectively transfer the 
unique properties of “nano”, such as high strength, exceptional conductivity and high 
surface area, to the macroworld. 
In a practical ensemble of BN or graphene nanosheets, there is always a large 
contact resistance with respect to electron or phonon transports between constituting 
building blocks. The 3D-designed architectures aim to overcome the redundant 
resistance and to provide a fast transport of electricity and heat. Besides, the 
sufficiently exposed surfaces of BN or graphene nanosheets are required to provide 
more accessible surface. The perfect configuration should have entire in-plane 
continuity; this means that every carbon atom is sp2-connected with its three carbon 
neighbors, while no any carbon atoms have dangling bonds or saturated by exotic 
 (a) (b) 
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atoms. Thus, there is only perfectly interconnected integration of 6 C-atom rings, 
without any distortion by 5- or 7-member rings. A large cavity between the surfaces of 
two nanosheets is also necessary to make the surface of every nanosheet easily 
accessible by target molecules. In addition, most applications require high mechanical 
strength of a product. For example, a predicted structure, pillared graphene, may 
satisfy the above requirements. It can store up to 41 g H2/L, almost reaching the 
requirement for mobile applications (Figure 1.19). A series of graphene-based 
macroscopic structures constituting of RGO has been reported.104,105 However, these 
structures suffer from poor electrical conductivity because of the low quality and/or 
high inter-sheet junction contact resistance. Recently, a graphene foam grown by 
CVD on a Ni foam or a polymer template has provided good interconnection (Figure 
1.20). The graphene foam is an interconnected flexible network of graphenes, which 
can guarantee the fast transport channel for electrons. The graphene foam filled 
poly(dimethyl siloxane) composites with a low loading thus show a very high 
conductivity of 0.1 S/m. However, ultra-thin graphenes cannot sufficiently support 
themselves to avoid morphology deterioration. Moreover, because of the consumption 
of Ni templates and relatively complex manufacturing, this product is too expensive 
for gram-level applications (50 $/cm3, i.e., 10,000 $/g). The 3D-designed architecture 
is the ultimate trend to utilize the unique properties of nanosheets in the macroworld. 
Only a few available reports touched on such materials, while they still cannot 
guarantee an effective production. This topic requires the development towards a 
scalable synthetic route. 
 
Figure 1.19. A predicted structure of pillared graphenes. Green dots represent stored 
H2 molecules. Reproduced from ref.106 
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Figure 1.20 (a) Photograph of a free-standing graphene foam grown by a 
Ni-foam-template CVD. (b) SEM image of one side of the graphene foam. (c) The 
composite made of a graphene foam and poly(dimethyl siloxane) with 0.5 wt.% 
graphene loading. Reproduced from ref.107 
 
1.3. Properties and Applications of BN and Graphene 
Nanosheets 
As a result of their unusual structures, BN and graphene nanosheets exhibit 
unique properties and diverse functionalities.90 The robust B-N bonding within a BN 
layer, even stronger than C-C bonding in graphene, makes mono-/few-layered BN 
nanosheets highly thermoconductive (ca. 100-1000 W/mK), mechanically strong and 
elastic (hundreds of GPa for a bending modulus108), and thermally and chemically 
stable.109 Partially ionic B-N bonds, different from pure covalent bonds in graphene, 
make BN nanosheets an intrinsic insulator with a wide bandgap (ca. 5.5 eV) valuable 
for dielectric applications, e.g. to serve as a dielectric gate layer,110,111 and for deep 
ultraviolet luminescence.112,113 The dielectric properties of h-BN (dielectric constant 
3-4; breakdown voltage ca. 700 MV/m) are favorably comparable to SiO2, allowing 
its usage as an alternative dielectric gate with no loss of functionality. Besides, the 
weak van der Waals bonding out of planes is advantageous for excellent solid-state 
lubricants.114 BN nanosheets show the tunable bandgap through tailoring their edge 
structures.90 They are also able to enhance the carrier mobility115 and to open the 
bandgap of graphenes on them,116,117 so they are envisaged as the perfect “sidekick” 
(a) (b) (c) 
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of graphenes in the next-generation electronics. BN-nanosheet filled polymeric and 
ceramic composites exhibit extraordinary thermoconductive and mechanical 
properties.39 BN nanosheets are also applied in the nanomedical field due to their 
good biocompatibility, and in scanning probe microscopy as ultrathin and stiff tips.118 
Graphenes are also armed with a series of prominent chemical and physical 
features, such as huge mechanical strength (ca. 1 TPa),119,120 extraordinarily high 
electrical and thermal conductivity, 121 ,1 and large surface area (2675 m2/g in 
theory).122 These properties may rival or even surpass CNTs. These outstanding and 
intriguing features make this extremely versatile material promising for various 
applications. Graphenes can improve mechanical properties such as stiffness, strength, 
and surface hardness, the conductive and thermoconductive properties and stabilities 
of the matrix materials in their polymeric composites, concrete and metal-matrix 
composites.123,124 Graphenes are useful materials for making energy storage devices, 
such as ultracapacitor electrodes, anodes of lithium-ion batteries and conductive 
additives for electrodes.125-127 The CVD-derived graphene can be used to make 
transparent conducting films.128,129 Graphenes can also be used for chemical or 
biochemical sensors,130 actuators,131-133 electronics,134,135 and for making conductive 
inks as the active ingredient. 
 Two representative applications of the BN and graphene nanosheets, i.e. 
additives for polymeric composites and electrodes for supercapacitors, are further 
discussed in the next two Sections. 
 
1.3.1. New-Generation Nanosheet-Reinforced Polymeric Composites 
The heat produced by electronic components is becoming greater as a result of 
higher operation frequency. The high density of heat flow concentrated on one 
position due to the reduced device size and high integration may destroy the 
components.136 Electronic packaging thus strongly requires a packaging material 
possessing outstanding dielectric and thermal properties in the next-generation 
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high-speed electronics. 
Polymer materials account for 90% of the current packaging materials due to 
their low cost and easy manufacturing. However, polymer materials are intrinsically 
poor thermal conductors; they must be modified to be applied to the heat removal in 
electronics. One approach to achieve the high thermoconductivity is to embed highly 
thermoconductive inorganic ceramic fillers into a polymeric matrix. The fillers can 
provide thermally conductive pathways through the composites for the removal of 
excess heat. Conventional fillers for this application include Si3N4, Al2O3, and AlN 
and BN micro-size particles.137 Their polymeric composites, such as the composites 
based on epoxy, silicon rubber and polyimide, are used for integrated circuits and 
power modules. 
Besides high thermoconductivity, the polymeric composites require good 
mechanical properties, an appropriate coefficient of thermal expansion and high 
stability against degradation in practice. The high insulating properties, such as a high 
breakdown voltage, a small leakage current and the weak charge trapping, are of 
importance for electronics. Additionally, the dielectric property plays an important 
role in the device performance. The high dielectric constant materials are attractive for 
the potential use in capacitors, electrostriction artificial muscles and smart skins for 
drag reduction.138 On the other hand, materials possessing low dielectric constants are 
primarily important for decreasing parasitic capacity in integrated circuits.139 
Nanomaterials including nanoparticles, nanowires, nanotubes and nanosheets are 
more effective fillers to improve the thermoconductivity than conventional 
microparticles, because they have the higher aspect ratio, particularly effective in 
providing good filler-to-filler contact for an efficient heat transfer pathway. 
Nanomaterial-filled composites are specially named as nanocomposites. They are the 
radical alternative to replace conventional composites or blends especially in the field 
of electronics.140 For example, BN nanotube filled epoxy composites showed high 
thermal conductivity. The thermal conductivity of epoxy was improved by up to 69% 
with a 5 wt.% BN nanotube loading fraction, as shown in Table 1.3. BN nanotubes 
were produced at a large scale in our group, which ensured their applications as 
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additives in polymeric composites. 
 
 
Table 1.3 Thermal properties of blank epoxy and BN nanotube (BNNT) filled 
composites. Reproduced from ref.141 
 
In contrary to the insulating packaging, the electrically conductive polymeric 
composites have a high place for shielding of electromagnetic interference in 
electronics. The conductive polymeric composites are also very meaningful to serve 
as the antistatic floors and flexible conductors. At present, the conductive fillers are 
mainly dominated by metals, carbon fibers and CNTs. Graphene nanosheets have 
extraordinary high electron transport properties together with a high surface area, 
which are beneficial to improve the conductivity of a polymer matrix. The RGO 
incorporated polystyrene composites demonstrated the conductivity of around 0.1 S/m 
for a 1 vol.% filling (Figure 1.21). Their percolation threshold is around 0.1 vol.% 
based on their room-temperature electrical conductivity. The graphene composites are 
thus useful in a variety of applications, such as for the antistatic coating. 
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Figure 1.21 Electrical conductivity of graphene filled polystyrene composites with 
different filling volume fractions. The inset shows four-probe setup and computed 
distributions of the current density. Reproduced from ref.130 
 
1.3.2. Graphene-Based Supercapacitors 
The shortage of energy is a crucial problem today, and it is thus one of the core 
tasks in the Materials Society, especially in the Society of Materials Chemistry. 
Supercapacitors, energy storage devices based on surface chemistry, attract extensive 
attention because of their unique advantages. They can provide an extraordinary, a 
superior reversibility and the long cycle life. The electric double-layer supercapacitors 
(EDLCs) are the candidates to provide an ultra-high power density in the future, 
serving as a flash-charging portable supply. In general, the electrode materials are the 
key in a supercapacitor. The ideal ones should possess a large surface area, high 
conductivity and high stability. Their surface area determines their intrinsic 
capacitance at maximum. Their conductivity together with the pore structures 
determines their power density at maximum. 
Carbon-based materials are very good candidates for supercapacitor electrodes. 
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This applies to early studied activated carbon,142 mesoporous carbon,143 CNTs144 
and very recently to graphene.145 Activated carbon is the popular electrode because of 
its moderate cost. It provides a high capacitance of 370 F/g at a low current density of 
0.05 A/g, due to its high specific surface area (SSA),146 but the capacitance decreases 
dramatically to only 120 F/g at 1 A/g. This is because the resistance quickly increases 
along with the current. The inner-pore ion transport across a micropore becomes a 
difficulty at a high current, and the surface embedding in a micropore consequently 
becomes electrochemically inaccessible. Obviously, mesoporous carbon usually could 
hold a larger capacitance at a high current density, up to ca. 210 F/g at 1 A/g, due to 
the larger pore channels. However, mesoporous carbon has a high cost and relatively 
small surface area. It can be considered as one type of mesopores carbons in a view of 
supercapacitor materials, because their common diameters are in the range of 
mesopores. The capacitance of CNT supercapacitors was not high due to confined 
channels inside tubes and between tubes. 
The newborn carbon material, graphene, possesses a huge SSA of 2630 m2/g in 
theory, and a high conductivity. Graphene thus is employed as a fresh type of 
carbon-based electrodes for supercapacitors. For example, the SSA of RGO after a 
KOH etching reached up to 3100 m2/g with 0.6-to-5-nm pores (Figure 1.22). This 
etched RGO yielded the high capacitance of ca. 166 F/g at current densities of 1.4-5.7 
A/g. The cage-like graphite thin sheets, i.e., carbon nanocages derived from MgO 
templates, were also useful for supercapacitors (Figure 1.23). They provided a high 
capacitance of 250 F/g at 0.1 A/g, which was superior to pure graphene materials due 
to their macrospore structure and partial interconnection. 
The SSA of sp2-carbon can further increase to overcome the 2630 m2/g value by 
downsizing the size of individual graphene units; however, the incident increase of the 
resistance between graphene units will cancel out the predicted advantages for 
supercapacitor performance. Currently, a smart design of the peculiar structure is the 
most important task for the Materials Society in developing practical graphene-based 
high-performance supercapacitors. For example, the interconnected graphene 
architectures are expected to provide a good electron transport pathway as well as a 
Chapter 1. Introduction to B-C-N-System Nanosheets 
36 
high SSA approaching 2630 m2/g, which should produce the high performance in 
supercapacitor electrodes. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.22 Graphene and graphene-based supercapacitors. (a) TEM image of 
KOH-activated RGO. (b) Galvanostatic charge/discharge curves of the 
supercapacitors. Reproduced from ref.147 
 
 
 
 
 
 
 
 
Figure 1.23 Carbon nanocages and their supercapacitors. (a) TEM image of 
MgO-templated carbon nanocages. (b) Specific capacitance versus discharge current 
density. Reproduced from ref.148 
 
(a) 
(b) 
(a) (b) 
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1.4. Overview of this Dissertation 
Through an overview on the synthesis, properties and prospective applications of 
BN and graphene nanosheets presented in this Chapter, the current problem for BN 
nanosheets was deduced. It is the lack of a reliable scaled-up production of BN 
nanosheets. The difficulties involved in the mass production of BN nanosheets not 
only hinder their scientific studies, but also obstruct their potential applications. 
The mass-produced graphene product is RGO, which was widely used for the 
electrodes, composites, sorbents, and so on. However, the low crystal quality and 
small lateral size of RGO limit their practical utilizing in industrial and domestic 
applications. A mass production of graphene with high crystal quality and large lateral 
size is in the agenda to reveal the full potential. 
In this Thesis, I have developed an original and universal synthesis technology of 
“bubble-blowing” to grow high-quality BN nanosheets, Cx-BN nanosheets and 
graphene nanosheets. This technology used self-/exotic-released gases to blow molten 
precursor polymers into large polymeric bubbles at 100-400oC. The different 
ultra-thin polymeric walls of bubbles were then crystallized into BN, Cx-BN and 
graphene at a high temperature of 1200-1400oC. The products were the large-diameter 
bubble networks of BN, Cx-BN and graphene, from which the corresponding 
nanosheets were further refined. The high crystal quality and large lateral size of such 
nanosheets were also revealed. This process can easily realize the scaled-up 
production and provide abundant diverse nanosheets; these were applied to making 
high-performance polymeric composites and supercapacitors. 
In Chapter 2, I synthesized large-lateral-size BN nanosheets with a high 
throughput and a high yield through such a blowing route. The optical properties of 
BN nanosheets were also studied. 
In Chapter 3, Cx-BN and graphene nanosheets were successfully fabricated 
through a similar blowing route. Tunable electrical properties of Cx-BN nanosheets 
were studied. The obtained high-quality graphene nanosheets provided a higher 
conductivity than RGO. Such graphene nanosheets further demonstrated high 
Chapter 1. Introduction to B-C-N-System Nanosheets 
38 
performance serving as the electrodes of supercapacitors. 
In Chapter 4, polymeric composites based on the abundant products of BN and 
graphene nanosheets were fabricated. Comprehensive reinforcements of mechanical, 
thermoconductive, dielectric and insulating properties of the composites were 
revealed and thoroughly analyzed. 
The developed herein novel synthesis technology opens up a wide horizon for the 
analogous growth of other 2D nanosheets. Their exciting properties and wide 
applications must lead to the full realization of potentials of such intriguing materials 
in nanotechnology. 
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2.1. Introduction 
BN nanosheets possess unique properties and diverse functionalities, which result 
in wide applications in composites, luminescence and electronics. However, methods 
of mechanical cleavage, liquid exfoliation, high-energy electron beam irradiation, 
reaction of boric acid and urea, unwrapping nanotubes and CVD cannot realize the 
mass production of BN nanosheets, as discussed in Section 1.2.2. Chemical 
exfoliation is also not able to yield a sufficient mass of BN nanosheet product, 
because it is still a challenge to reliably chemically delaminate and/or exfoliate BN 
layers. The stronger inter-layer coupling in BN compared with graphite should 
account for such unfavorable situation. The lack of the mass production for BN 
nanosheets causes the delay in their studies and technological tests in the applications, 
such as composites and electronic devices, in a sharp contrast with the well exploded 
graphene. 
Herein, I report on a new approach, “chemical blowing”, to synthesize the 
high-yield BN nanosheets. This approach relied on making large bubbles with 
atomically-thin B-N-H polymer walls by releasing H2 from precursor of ammonia 
borane (AB) compound, somewhat resembling blowing up a balloon. Through the 
high-temperature annealing, the polymer bubbles became BN ones. Numerous mono- 
and few- layered BN nanosheets with large lateral dimensions were produced with an 
exceptionally high throughput through refining them from the BN bubbles. AB is a 
nontoxic, environmentally benign and stable material. Since the cost of AB is 
currently decreasing, it is worth utilizing this “chemical blowing” route to produce 
BN nanosheets on a large scale. The influence of growth parameters on such 
“chemical blowing” was thoroughly analyzed and optimized here. The high yield and 
large lateral dimensions of mono-/few-layered BN nanosheets were documented into 
detail. The abundant and low-cost BN nanosheets must enable their potential 
applications, and provide a new pathway for the synthesis of other 2D nanosheets. 
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In this Chapter, the synthesis of mono-/few-layered BN nanosheets is discussed 
in Section 2.3.1. The control and blowing mechanism of growth process are described 
in Sections 2.3.2 & 2.3.3. The luminescence of BN nanosheets is studied in Section 
2.3.4. 
 
2.2. Experimental Process 
2.2.1. Synthesis of Mono-/Few-Layered BN Nanosheets through the 
“Chemical Blowing” 
The commercially available as-received AB (Sigma-Aldrich Corporation, St. 
Louis, USA) was heated either in a horizontal furnace or in a vertical induction 
furnace with controlled temperature, pressure and gas flow, as shown in Figure 2.1. 
AB was firstly pretreated at a low temperature around 80oC. Secondly, the pretreated 
AB was controllably heated to designated temperature (300-700oC) to dehydrogenate 
and chemically blow bubbles, and then at a higher temperature (1200oC) for 3 h to 
crystallize the material into the desired BN product, i.e. a bubble-network with bubble 
walls composed of BN nanosheets. The BN bubbles were then rushed/collapsed and 
converted into the BN nanosheets for further investigations and applications. This 
process features the bubbles blown by the chemically release gas, which is thus 
named as “chemical blowing”. 
The second step, i.e., dehydrogenation and polymerization, in the “chemical 
blowing” is a key step in the whole process. In this step, the heating rate is an 
important factor determining the morphology and quality of a final product. In this 
Chapter, the heating rate was normally controlled as 2-8oC/min in a horizontal furnace 
using the molybdenum silicide or nickel chromium heating elements (Figure 2.2a). 
This molybdenum silicide limited the heating rate to be less than 10oC/min. A quicker 
heating was realized through transferring the pretreated AB directly into the 
designated hot zone of 300, 500 and 700oC by a mechanical hand. The quickest 
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heating was realized using an induction furnace (Figure 2.2c). The induction furnace 
utilized a quartz cylindrical tube filled with inert gases for protecting the graphite 
heater. The graphite susceptor was heated under induced vortex currents of a high 
frequency (300~400 kHz) generated by a powder supply, which then heated the 
crucible inside. The temperature in the reaction chamber was monitored using an 
infrared thermometer in virtue of an optical prism. The temperature can reach ca. 
2000oC with a quick heating rate of hundreds of degrees per minute in my induction 
furnace. This heating rate of hundreds of degree per minute was also used to heat the 
pretreated AB to demonstrate the influence of the heating rate. 
 
 
Figure 2.1 A typical setup of time-dependent experimental parameters: temperature, 
pressure and gas flow. 
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Figure 2.2 The pictures and schemes of two used furnaces. (a,b) A horizontal furnace 
operated below 1500oC for Al2O3 inside tubes or 1100oC for quartz tubes. (c,d) An 
induction furnace with the maximum operation temperature of ca. 2000oC. 
 
2.2.2. Characterization of BN Nanosheets 
The as-grown product was dispersed into ethanol by ultrasonic treatment for 30 s. 
Then the suspension was transferred onto desired substrates for characterization and 
making devices. The product morphology was characterized by scanning electron 
microscopy (SEM, Hitachi S-4800) and energy-dispersive X-ray analysis (EDX), 
high-resolution transmission electron microscopy (HRTEM, JEOL JEM-3000F), and 
atomic force microscopy (AFM, JEOL JSPM-5200). The chemical compositions and 
structures were studied by electron diffraction (ED) and electron energy loss 
spectroscopy (EELS, the attachments of JEOL JEM-3100FEF with Omega Filter), 
(a) (b) 
(c) (d) 
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X-ray diffraction (XRD, Rigaku Ultima III XRD with CuKα radiation), 
ultraviolet-visible spectroscopy (UV-vis, Jasco V-570 spectrometer), X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific Escalab 250Xi), Raman 
spectroscopy (Kr-Ar ion laser at 514 nm; Spectra-Physics Beamlok 2060-RS laser 
combining Symphony CCD-1LS detection system), Fourier transform infrared 
spectroscopy (FT-IR, Thermo Nicolet 4700), thermogravimetry and differential 
scanning calorimetry (TG, Rigaku Thermo plus TG 8120; DSC, Rigaku Thermo plus 
EVO DSC8230). The nitrogen adsorption-desorption measurements were carried out 
at a liquid nitrogen temperature on an apparatus of Quantachrome Autosorb-1. 
Brunauer-Emmett-Teller (BET) surface area was estimated over a relative pressure 
range of 0.05-0.3. Pore distributions were analyzed using a Barrett-Joyner-Halenda 
(BJH) method. 
The cathodoluminescence (CL) measurements were carried out at room 
temperature in a high spatial resolution low-energy CL system inside a thermal field 
emission electron microscope (TFE-SEM; Hitachi S4200) excited with a 5 keV, 1000 
pA electron beam. The room temperature photoluminescence (PL) spectra were 
measured by a fluorescence spectrophotometer (Hitachi F-5700). 
 
2.3. Results and Discussion 
2.3.1. High-Throughput Synthesis of Ultra-Thin Large-Area BN 
Nanosheets 
Using a heating rate of 8oC/min up to 1200oC following a pretreatment of 80oC 
under atmospheric pressure, the AB was converted into BN products. The products 
obtained in a ceramic boat are ~130 mg in weight for one experimental run (Figure 
2.3a). The density of these products is as low as 6 mg/cm3 and corresponding porosity 
was as high as 99.7 % (Figure 2.3b). These figures are comparable to an aerogel, a 
graphene foam1 and ultra-light metallic microlattices.2 The yield of BN products is 
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as high as 40 wt.% with respect to the raw precursor AB. This is mainly because the 
atmospheric-pressure pretreatment not only can depress the unnecessary mass losses 
in the pyrolysis of AB due to moderate activity, but also can avoid intense 
sublimation of AB and volatilization of monomeric aminoborane peculiar to the 
vacuum-pretreatment process. Moreover, the moderate heating rate of 8oC/min can 
further keep from the large mass losses under the pyrolysis of AB, which is discussed 
in detail in next Section 2.3.2. 
The high-yield products are of white color. They are bubble-like networks, which 
are nearly seen by naked eyes (Figure 2.3c). One can compress or mill the 
bubble-like products into a powder (Figure 2.3d), then the pure BN nanosheets can 
be refined from the powder through a centrifugation. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 (a,b) As-grown snow-white BN specimen of 130 mg in weight obtained 
during a single experimental run. The sponge-like BN sheets with ultra-low density of 
6 mg/cm3. (c,d) White foam of BN bubble-network and their compressed powder. The 
product in this case is tens of milligrams in weight. 
 
The structure of BN bubble-like networks was further studied by the optical and 
SEM techniques; the lateral size, atomic layer information and crystal structures of 
1 cm 
(c) (d) 
(a) (b) 
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BN nanosheets were solved using SEM and TEM analysis; the thickness and 
diffraction data were collected under AFM, ED and XRD characterizations; the 
surface area was analyzed by BET description. These results are in sequence 
discussed as follows. 
(I) Structure of BN Bubble-Networks 
The as-grown large bubble-like structures of the BN product is demonstrated in 
Figure 2.4a. They are tens of micrometers in diameter. The densely packed bubbles 
occupy the whole area of the product. The bubbles are polyhedron, consisting of 
polygon faces. The polyhedron morphology is formed due to the gathering of bubbles. 
One clear polygon face is described in Figure 2.4b. The BN nanosheets are 
sometimes connected by the “vein”-like lines (Figure 2.4c), which are the polygon 
skeletons, i.e., the former borderlines between two neighboring faces of a bubble. 
 
 
 
 
 
Figure 2.4 Morphology of the BN products. (a) Optical image of the as-grown 
foam-like product. (b,c) Zoomed-in images of a polygon face of BN bubbles, which is 
the BN nanosheet connected with “vein”-like skeletons with a diameter of several 
micrometers. 
 
The SEM observations of the whole product also confirm the regular topological 
packing of bubbles from both the top and bottom views of a BN product. The bubbles 
are connected with each other through pentagon faces. In theory, the most stable 
arrangement should be a polyhedron-like network with an average of 13.39 faces and 
5.1 edges per face3. A detailed pentagon face consisting of five BN struts and a BN 
nanosheet membrane is shown in Figure 2.5. 
100 μm 20 μm 20 μm 
(a) (b) (c)
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Figure 2.5 SEM image of detailed pentagon faces of BN bubbles. 
 
The walls of the BN bubbles are spacious few-layered membranes, i.e. BN 
nanosheets. They are normally tens of micrometers in lateral dimensions, up to more 
than 100 micrometers (Figure 2.6). The nanosheets are not flat; they are prone to 
corrugated landscapes on a micrometer or smaller scales. The very intense 
corrugations may result from the gravitation and surface stress; the marginal ones 
mainly result from the thermodynamic relaxation of the previous polymer bubbled 
walls during the synthesis, which is further discussed below. 
 
 
 
 
 
 
Figure 2.6 (a-c) SEM images of high-yield laterally large ultra-thin BN nanosheets. 
(II) Lateral Dimensions of BN Nanosheets 
The BN nanosheets were refined under removal bulk impurities during a 
centrifugation. Individual BN nanosheets were further dispersed in an ethanol. They 
were transferred onto different substrates and demonstrated as follows. A BN 
nanosheet with lateral dimensions larger than 100 m is illustrated by the optical 
20 μm 
(b) (a) 
10 μm 
(c) 
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image in Figures 2.7a,b. It is uniformly distributed over the whole field of view. It 
looks flat due to surface interaction between the nanosheet and the SiO2 substrate. The 
present BN nanosheets possess the large dimensions generally higher than those 
obtained using liquid-exfoliation methods. An individual BN nanosheet can be also 
transferred onto a Cu substrate (Figure 2.7c). The nanosheets are so thin that the 
texture/morphology of the SiO2 or Cu substrates can be clearly seen under imaging. 
 
 
 
 
 
 
Figure 2.7 Morphology of individual BN nanosheets. (a,b) Optical and SEM images 
of a large BN nanosheet transferred onto a SiO2 substrate. (c) An individual nanosheet 
transferred onto a Cu substrate. 
 
The structure of the produced BN nanosheets was further confirmed by TEM. 
Figure 2.8a shows numerous BN nanosheets with large lateral dimensions. The sheets 
are connected to a polygon-like skeleton, consistent with previous optical and SEM 
observations. They result from the borderlines between every two merged bubbles. 
The surface corrugations of nanosheets on a sub-micrometer scale also appears in 
TEM image of Figures 2.8b,c. The channel/cavity within a corrugation is estimated 
as tens of nanometers in size, as indicated in the inset of Figure 2.8c. 
 
 
 
 
 
 
Figure 2.8 (a) TEM image of large-area BN nanosheets connected via a vein-like 
(a) (b) (c) 
20 μm 
(b) (c) (a) 
10 μm 
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polygonal framework. (b,c) Plentiful BN nanosheets dispersed in an ethanol. The inset 
is a selected magnified image showing a detailed folded corrugation landscape. 
(III) Atomic Layer Information of BN Nanosheets 
The stepped high- and low- magnification TEM images of a 3-4-layered BN sheet 
are shown in Figure 2.9. The corresponding thickness is 1.4 nm. The thickness of the 
sheet is uniform over the large area. The clear BN edges show individual 3-4 layers, 
which also imply a good crystal quality. It is not generally so clear for the edges of 
BN nanosheets obtained by other bottom-up chemical syntheses. There are some BN 
fragments attached on the surface of the nanosheet (Figure 2.9c), which are often 
seen for the nanosheet specimens for their imperfect crystallization. 
 
 
 
 
 
Figure 2.9 (a-c) Low- and high- magnification TEM images of a BN sheet with 3-4 
atomic layers. 
 
The different layer numbers for the obtained BN nanosheets, from 1 to 7, are 
observed in Figure 2.10. The layer-to-layer distance decreases with the increase of the 
layer number. It is 0.38 nm for 2-layered nanosheets, while only 0.34 nm for a 
7-layered nanosheet. This change can be understood through increased inter-layer 
interaction with increasing the layer number. All the layer-to-layer spacing is slightly 
larger those in bulk layered BN due to the relaxation of surface atoms. In theory, there 
is no obvious difference on the layer-to-layer spacing between a 10-layered BN 
nanosheet and bulk BN. The larger spacing for my BN nanosheets thus also implies 
that the quantum confinement effect works for such sp2 hybridized 2D nanosheets. 
10 nm 
1.4 nm 
(c) 
1.4 nm 
20 nm 
(b) 
1 μm 
(a) 
1.4 nm 
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Figure 2.10 HRTEM images of 1, 2, 3, 5 and 7 atomic-layers depicting five BN 
nanosheets with the different thickness. 
(IV) Crystal Structure of BN Nanosheets 
The polycrystalline structure of the BN nanosheets is verified by HRTEM. A BN 
nanosheet with clear folded edges is shown in Figure 2.11a. Its thickness is very 
uniform over the large area with 5/6-atomic layers in Figure 2.11b. The surface of the 
nanosheet is not so flat on the nanometer-level scales, while prone to many 
fluctuations and ripples. These may result from the thermodynamical relaxation 
within the thin nanosheet. The honeycomb-like hexagonal lattice in Figure 2.11c 
illuminates a high crystal quality of hexagonal BN. Although the nanosheets are 
polycrystalline, the clearly ordered honeycomb atomic structure of h-BN can be 
visualized within a localized area of several nanometers. The distance between each 
two neighboring white dots is 0.256 nm for this 5/6-layered nanosheet. The lattice 
distance is 0.258 nm for a 2-layered BN nanosheet in Figure 2.11d. The white dots 
correspond to the B-B or N-N atom separations in h-BN. A detailed 6-member ring 
consisting of 3 bright dots and 3 pale dots is also drawn. It just corresponds to a B3N3 
ring with a side length of 0.144 nm, which is close to the bond length of a B-N 
chemical bond. 
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Figure 2.11 (a) TEM image of two BN nanosheets crossing each other. (b) HRTEM 
image of the marked area in (a), showing a thickness of 5-6 atomic layers. (c) 
Reconstructed reverse fast-Fourier-transform (FFT) image of the marked area in (b), 
confirming a polycrystalline structure of h-BN. (d) HRTEM images of a 2-layered BN 
sheet with a zoomed-in region, indicating a perfect honeycomb-like h-BN crystal 
lattice. 
 
The crystal structure of BN nanosheets was further checked by diffraction 
analysis. The FFT pattern of a 3-4 layered nanosheet gives a discontinuous diffraction 
ring, which may result from a locally-ordered polycrystalline structure and/or the 
presence of turbostratic layer stacking of h-BN (Figures 2.12a,b). Selected area 
electron diffraction (SAED) pattern from a much large area of a BN nanosheet is 
shown in Figure 2.12c, which reflects the hexagonal polycrystalline structure of BN, 
consistent with previous HRTEM analysis. 
2 nm 
0.258 nm 
(d) (c) 
(a) (b) 
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Figure 2.12 (a,b) A 3-4 layered nanosheet and the corresponding FFT pattern taken 
from the whole area. (c) Selected area electron diffraction pattern taken from the area 
of 0.05 μm2 of a BN nanosheet, indicating the polycrystalline structures. 
(V) Thickness of BN Nanosheets 
The large-area sheets with surface corrugated landscapes were characterized by 
AFM scans (Figure 2.13a). A thin region with the height of 1.5 nm that corresponds 
to ca. 3-4 BN layers is shown in Figures 2.13b,c. The 3D view clearly depicts the 
overlap of two BN pieces. The scan locating at another region indicates a statistic 
thickness of 1.3-1.8 nm (Figures 2.13d-f). In fact, the thickness of BN nanosheets 
typically ranges from 1 to 5 nm, although a few nanosheets thicker than 10 nm have 
also been observed. The average thickness is estimated around 3-5 nm corresponding 
to ca. 10 BN layers or slightly more. These BN nanosheets are thin enough for 
exhibiting their unique characters and properties derived from the quantum effect. 
10 nm 
1.4 nm 
(c) (a) (b) 
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Figure 2.13 (a) AFM tapping mode image of two pieces of large BN nanosheets on a 
SiO2 substrate. (b) 3D view of the black marked region in (a). (c) Cross-sectional 
profile along the scan marked in (a,b). (d) Fine AFM image from the green framed 
region of (a). (e,f) The height distributions in the selected Regions A and B, 
respectively. The first statistical peak expresses the height of the substrate and the 
second one the height of a BN sheet. The thickness of the BN sheet is 1.3 nm and 1.8 
nm for Regions A and B, respectively. 
(VI) Phase and Composition of BN Nanosheets 
The phase purity of BN nanosheets was checked by XRD and EELS profiles 
(Figure 2.14). The three diffraction peaks result from the hexagonal type BN in XRD. 
The perfect B and N stoichiometry is documented by EELS peaks. The (002) 
diffraction peak with a d value of 0.35 nm matches well that derived from the 
HRTEM data. Its broadening corresponds to the effect of downsized dimensions with 
a size of 3 nm calculated from the Scherrer formula.4 Such value is close to the 
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estimated average thickness of BN nanosheets from the TEM and AFM analyses, 3-5 
nm. 
 
 
 
 
 
 
Figure 2.14 (a) XRD profile of BN nanosheets indicating a hexagonal structure of the 
space group 194 (JCPDS card No. 34-0421). (b) EELS profile of BN nanosheets. 
(VII) Adsorption-Desorption Properties of BN Nanosheets 
After the morphology and structure analysis, I characterized the surface 
properties of obtained BN nanosheets. The nitrogen adsorption-desorption isotherms 
of BN nanosheets show a type IV isotherm characterized by a hysteresis and the steep 
slope (Figure 2.15a). The unsaturated adsorption at the highest pressure part reflects 
macropores and secondary piled pores. The stepped condensations I-IV, i.e. ones 
occurring at 3, 4, 8 and 20 nm, respectively (Figure 2.15b), result from the peculiar 
structures on the sheet surface for different geometry scales, such as surface atomic 
defects, ripples and corrugations. The entire hysteresis loop resembles the type H3 
one based on the classification of International Union of Pure and Applied Chemistry, 
which is a character of open-shaped capillaries between the parallel layers. The 
delayed desorption ranged in 0.3-1.0 results from the piled slits in a corrugation 
landscape or between agglomerated sheets. These slit-like cavities dominate the 
desorption dynamics, giving a quickest desorption around 4 nm (Figure 2.15b). The 
evaporation of liquid nitrogen from the surface-attached structures, such as ripples, is 
combined with that from the slit-like cavities, so that the reverse steep evaporations 
corresponding to forward steep condensations are absent. The as-grown BN products 
possess large specific surface area (SSA), 140 m2/g based on a BET method, which is 
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larger than 50 m2/g of porous BN or 27 m2/g of BN nanoparticles.5 It is still smaller 
than the theoretical value of mono-layered sheets (2600 m2/g), owing to overlapping 
and stacking of nanosheets with agglomerated BN bulk. It is noticed that the SSA 
results from the mesopores and macropores, while there is no contribution from 
micropores according to the t-plot analysis. This configuration is very beneficial to 
create more interfaces between BN and polymer molecules in their polymeric 
composites, because the too small pores can not be accessed by polymer molecules to 
create links and effective BN-polymer interactions. 
To evidence the pore structures of the as-grown BN, I milled and crushed the BN 
product into small BN nanosheet fragments. The fragments are easy to agglomerate 
and re-stack, which makes the part of surfaces inaccessible by nitrogen molecules. 
Hence, the SSA of milled BN decreases, as shown in Figure 2.15a, which becomes 
only 100 m2/g. The specific volume also decreases to 0.30 cm3/g for milled BN, while 
it is 0.40 cm3/g for the as-grown one. This indicates the advantages of the BN 
nanosheets, which connect with each other to prevent severe agglomeration between 
sheets. 
Particularly, the notable corrugation landscape with cavities of tens of nanometers 
in size may also be destroyed during milling and embedded into piled slits within the 
agglomerations. Therefore the condensation IV in the adsorption parts, corresponding 
to the cavities of corrugations, completely disappears for milled BN. The steep 
adsorption condensations in cavities peculiar to other geometry scales also becomes 
weak, and their pore distribution position is slightly changed due to the changed 
topological cavity distribution after milling. The developed piled slits in these 
agglomerations lead to intense desorption, which is lasted until the 0.1 relative 
pressure, and then completely overlaps the adsorption parts (Figure 2.15a). 
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Figure 2.15 (a) Nitrogen adsorption and desorption isotherms of as-grown BN 
nanosheets and of those hand-milled in a mortar. (b) Corresponding pore radius 
distribution curves based on adsorption and desorption parts. 
(VIII) Impurity Analysis of BN Nanosheets 
In addition, some small particles were sometimes found on the surface of BN 
nanosheets. These are probably made of B2O3 and result from the reaction between 
AB and remaining O2 or H2O in the system. To confirm this, some O2 was controlled 
to leak into the system, and the dense particles thus fully cover BN nanosheets 
(Figure 2.16a). The particles exhibit rather high O content along with the B and N 
ones, as revealed by EDX mapping (Figures 2.16b-d). The HRTEM analysis of these 
particles further confirms their phase to be B2O3 (Figure 2.16e). The crystal plane 
with a distance of 0.214 nm corresponds to the (111) plane of hexagonal B2O3. Most 
of these B2O3 particles can be removed after high temperature annealing at 1400oC, 
owing to a transformation to a volatile boron suboxide B2O2. 
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Figure 2.16 (a) SEM images of dense B2O3 particles on a BN nanosheet. (b-d) EDX 
elemental maps of B, N and O within the marked area in (a). (e) HRTEM image of the 
B2O3 particle. 
 
To sum up, the high-yield production of BN nanosheets (40 wt.%, with respect to 
AB) is achieved. It is significantly higher than those in methods of CVD and liquid 
exfoliation. The lateral dimensions of nanosheets are large enough for further 
assembling electronic devices and for fabricating nanosheet-containing composites. 
Furthermore, the price of AB is currently decreasing. AB is studied as an effective 
source of hydrogen in the hydrogen storage6,7 and a precursor for fabricating h-BN 
ceramics.7 The new cheap route to synthesize the AB is in progress. The price is only 
around half of that used before. The cost of my BN product is ca. 1,000 $/g in our 
laboratory scale. The refined BN nanosheets have a cost of ca. 50,000 $/g in an 
estimation, which is only one quarter of commercial price of liquid-exfoliated BN 
flakes. The presented BN nanosheets are still slightly expensive, but are already cheap 
enough for their studies on diverse properties and many applications, such as for 
making polymeric composites. I believe that the cheaper BN nanosheets based on the 
developed cheap AB or other precursors will appear in the nearest future. 
(a) (b) 
(d) (e) 
(c) 
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2.3.2. Control and Optimization of Growth Process 
The above-discussed BN nanosheets are produced using a heating rate of 8oC/min 
following a pretreatment under atmospheric pressure, which has been an optimized 
route. The route is determined by the analysis in this Section. The careful studies of 
two experimental parameters, i.e., pretreatment pressure and heating rate, are 
conducted and analyzed in this Section, to control and optimize the growth process of 
BN nanosheets. 
The pretreatment conditions were first optimized to pursue the high yield of BN 
nanosheets under “chemical blowing”. Figure 2.17 shows the morphology evolution 
of intermediate products while using different pretreatment conditions. After heating 
at 80oC under atmospheric pressure for 1 h, raw AB still kept regular strip-like 
morphology due to di-hydrogen bonding and dipole-dipole interactions (Figure 
2.17a). The regular structure subsequently became disordered and changed into many 
loosened sheets at 100oC (Figure 2.17b), before melting of AB (104oC). Then, many 
B-N-H polymer bubbles were blown from the soft and semi-molten samples to form a 
foam-like product. The polymer bubbles were preserved and transformed into BN 
bubbles with a negligible hydrogen remainder at 900oC (Figure 2.17c), which then 
finally transformed into h-BN. Differently, if AB was pretreated under vacuum 
(around 20 Pa) for 1 h, the above described process took place rather violently 
(Figures 2.17d,e). The latter samples looked more disordered than the former ones. 
Although the final bubble-like products showed no obvious differences for the two 
schemes, the product yield for the 2nd route became much scarcer because of larger 
losses of monomeric aminoborane and other small molecules (which are further 
discussed in the following Section in more details). In contrast, if AB was extremely 
pretreated for a very long time (10 h), only B-N-H polymer bulk was left,8 and there 
were neither bubbles nor nanosheets found in the final solid residue (Figures 2.17g-i). 
The low-temperature pretreatment at 80oC was necessary for “chemical blowing”, 
which could remove absorbed gases, such as H2O and O2, and avoid agglomeration 
and oxidation. However, a long-time pretreatment made AB polymerized and thus 
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weakened or even quenched the desired subsequent “chemical blowing” process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17 SEM images of intermediate products after different thermal treatment 
stages during pyrolysis of AB using different pretreatment conditions: (a-c) 
intermediates obtained at 80, 100 and 900oC, respectively, after pretreatment under 
atmospheric pressure for 1 h; (d-f) intermediates obtained at 80, 100 and 900oC, 
respectively, after pretreatment under vacuum for 1 h; (g-i) intermediates obtained at 
80, 100 and 900oC, respectively, after pretreatment under atmospheric pressure for 10 
h. The pretreatment temperature was 80oC. 
 
The chemical structures of the intermediates after pretreatments at different 
conditions (under atmospheric pressure or under vacuum) were studied by FT-IR 
(Figure 2.18a). Typically, the symmetric and asymmetric N-H and B-H stretching 
(a) (b) (c) 
(d) (e) (f) 
(g) (h) (i) 
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vibration modes appeared at 3330-3250 cm-1 and 2420-2300 cm-1. The corresponding 
deformation vibrations of N-H and B-H were detected at 1600-1550 cm-1 and 
1180-1160 cm-1. The peaks located at 1400 cm-1 and 1060 cm-1 are out-of-plane 
vibrations of NH2 and N-B-H rock vibrations, respectively. The FT-IR of the similar 
pretreated AB is discussed in more details in the following Section. Compared with 
raw AB, vacuum-pretreated AB demonstrated much weaker B-H deformation 
vibrations than those for the atmospheric-pressure pretreatment. 
Furthermore, in TG/DSC plots, all the samples showed three typical mass loss 
regions and corresponding exothermic peaks at 105-115°C, 130-160°C, and 
250-350°C. This resulted from the transition from AB to polymeric aminoborane 
(PAB), from PAB to poly-iminoborane (PIB) and from PIB to BN, respectively 
(Figures 2.18b,c), which is further discussed in the following Section. Compared 
with raw AB, vacuum-pretreated AB displayed more activity than the 
atmospheric-pressure-pretreated one. Vacuum-pretreated AB showed the larger mass 
loss and more intense exothermic reaction. Such more active decomposition kinetics 
probably results from the disruption of di-hydrogen bonds and conversion to a new 
mobile phase,9 which leads to the loss of many small molecules, such as monomeric 
aminoborane and borazine. 10  On the contrary, AB undergoing the 
atmospheric-pressure pretreatment demonstrated a moderate activity. Such moderate 
activity restricts too much mass losses during polymerization, and further increases 
the yield of BN nanosheets, since the released hydrogen amount has been high enough 
to blow ultra-thin polymer bubbles. 
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Figure 2.18 FT-IR (a), TG (b) and DSC (c) profiles of raw AB, vacuum-pretreated 
AB and AB pretreated under atmospheric pressure. The heating rate was 2oC/min in 
(b) and (c). 
 
Besides optimizing pretreatment parameters, the different heating rates were also 
studied to produce better materials. After a pretreatment at the low temperature under 
atmospheric pressure, AB was then heated to 900oC using 2oC/min and 8oC/min 
heating rates (Figures 2.19a,b). The latter product revealed thinner walls of bubbles 
than the former one. This means that a quick heating rate may provide more 
environmental energy and is beneficial for effective blowing polymer bubbles. 
Therefore, the faster heating, i.e., a quick transfer of the pretreated AB from room 
temperature into designated temperature zones (300, 500 and 700oC) using a 
mechanical transfer hand, was also studied. The instantaneous heating rate could 
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reach hundreds of degrees per minute in that case. The products were thick sheets or 
bulky materials when sudden heating to 500 and 700oC was tried, respectively 
(Figures 2.19d,e). By contrast, high-quality thin nanosheets were noticed after sudden 
heating to 300oC (Figure 2.19c). This indicates that the moderate heating rate of 
8oC/min to sudden heating to 300oC can result in the best products. In addition, the 
very quick heating rate of hundreds of degrees per minute, provided by an induction 
furnace, was also applied to heat the pretreated AB. The product was BN membranes 
together with bulky BN, as shown in Figure 2.19f. 
According to the above-discussed results, the polymer bubbles are not steadily 
blown during heating which is too fast, and the yield is usually lower because the 
faster heating results in a larger quantity of volatile products, such as borazine.11,12 
Thus, a lower, but moderate heating rate is necessary for the appropriate bubbling 
process and volume inflation of polymers, and getting the high yield of ultra-thin 
large-area BN bubbles and nanosheets. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19 SEM images of BN products obtained using different heating rates: (a) 
2oC/min; (b) 8oC/min; (c-e) after a direct transfer of the pretreated AB to high 
temperature zones of 300, 500 and 700oC, respectively; (f) after heating in the 
induction furnace. The experiments in (a-e) were conducted in the horizontal electric 
furnace. 
(a) (b) (c) 
(d) (e) (f) 
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In summary, the experimental condition is optimized as a heating rate of 8oC/min 
following a pretreatment of 80oC under atmospheric pressure. The good BN bubbles 
and nanosheets can be realized through this route, as evidenced in the former Section. 
The highest yield of 40 wt.% is reached at the same time. It is higher than that for BN 
products obtained using other conditions, such as those through vacuum pretreatment 
(which had a yield of only 25 wt.%). 
 
2.3.3. Growth Mechanism of BN Nanosheets by “Chemical Blowing” 
For studying the growth process, I used IR, TG and DSC to analyze the 
intermediate products during the growth. Their results are described as follows. 
The intermediates were taken at the temperatures of 80, 100, 120, 170, 400, 900 
and 1200oC in heating AB. In IR spectra of these B-N-H compounds (Figure 2.20a), 
the symmetric and asymmetric N-H stretching vibration mode appears at 3330-3250 
cm-1. The next peak at 2420-2300 cm-1 is in line with the symmetric and asymmetric 
B-H stretching vibration modes. The corresponding deformation vibrations of N-H 
and B-H appear at 1600-1550 cm-1 and 1180-1160 cm-1. The peak around 1400 cm-1 is 
out-of-plane vibration of NH2 and changes into N-B stretching vibration at a high 
temperature. The last peaks around 1060 cm-1 and 800 cm-1 are N-B-H rock vibration 
and N-B stretching vibration modes. For these intermediate products, the deformation 
vibrations of N-H (1600-1550 cm-1) slightly change to the lower wavenumbers from 
100°C to 120°C and totally disappear at 170°C. This indicates that a change from AB 
to PAB is completed at 120°C, and a change from PAB to PIB is completed at 
170°C.13,14 The corresponding changes of N-H, B-H and N-B vibrations are also 
observed. After 400°C, there is still a very small fraction of N-H bonds showing the 
N-H vibration, while the B-H vibration becomes very weak. After 900°C, the B-H 
vibration completely disappears, while a weaker N-H peak is still visible. This is 
because an H terminal on ternary N sites is very stable.15 After 1200 °C, there is only 
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typical BN phase absorption left. 
The above IR assignments and evolvement are confirmed by the first-principle 
calculations. The conformation of AB and its linear oligomers was based on the linear 
structure. Structure optimization and vibrational analysis were implemented in the 
Gaussian software package based on Density Functional Theory (DFT) with 
functionals B3LYP, 16  in which the exchange functional is of the Becke’s 
three-parameter type, including gradient corrections. The basis set of split valence 
type was 6-31+G(d), as contained in the Gaussian software package.17 A reduction 
factor of 0.9613 was used to neutralize the system error. 
The featured change occurs at two regions in the theoretical spectra: around 1600 
and 1300 cm-1. In the former region around 1600 cm-1, the peak is firstly the -NH3 
deformation vibration which locates at 1640 cm-1 for AB. Subsequently, -NH2 
vibration emerges with a lower energy of 1600 cm-1 for PAB. The -NH2 vibration then 
becomes very weak for PIB phase. The slight residual peak of PIB in this region 
always disappears due to the tiny ratio of terminal -NH2 group to the whole molecule 
link, as shown in PIB-NH2 in Table 2.1. Therefore there exists a position change of 
this -NHx peak from AB to PAB, and then the peak almost disappears for PIB, as 
marked by the blue arrow in Figure 2.20b. This is consistent with the above 
experimental assignments. 
The latter clear change occurs at the region near 1300 cm-1. It is firstly 
out-of-plane vibration of -NH3, which mainly locates at 1310 cm-1 for AB, and at 
1360 cm-1 for PAB. This vibration mode disappears for PIB phase. However, two new 
modes of -NH swing vibration at 1480 cm-1 and B-N bone vibration at 1400 cm-1 
appear at this region for PIB. The B-N bone vibration changes into 1450 cm-1 for final 
BN. The corresponding vibration modes are pictured in Table 2.1. Hence, the peak in 
this region apparently increases to the high energy along with increasing treated 
temperature, as marked by the red arrow in Figure 2.20b. At the same time, the peak 
width should also increase. These are in accord with the previously experimental 
analysis. 
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Figure 2.20 (a) IR spectra of intermediate products corresponding to different thermal 
treatment steps during the pyrolysis of AB. (b) The calculated IR spectra of AB and its 
oligomers. 
 
 
Table 2.1 Sketched vibration modes of groups -NHx and N-B in AB and its 
derivatives. The blue arrows indicate the vibration displacement vectors. 
 
The chemical change is further confirmed by the TG/DSC analyses below. In TG 
plots of AB, there are three typical mass loss regions (Figure 2.21). The first one at 
105-115°C corresponds to the transition from AB to PAB, the second one (130-160°C) 
is peculiar to a change of PAB to PIB, and the third one (250-350°C) stands for the 
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PIB to BNHδ transformation. In DSC profile, the endothermic peak at 108°C 
originates from melting of AB, which is a molecular crystal at room temperature 
primarily due to di-hydrogen bonding and dipole-dipole interactions. There are three 
exothermic peaks at around 112°C, 148°C and 250-350°C following the endothermal 
peak. 
For the pretreated AB at 80°C, due to disruption of di-hydrogen bonding and 
conversion to a new mobile phase, probably its decomposition kinetics becomes more 
intense, and smaller molecules, e.g., diborane B2H6 and borazine c-(NHBH)3, are 
more easily lost. Thus, the mass losses of the pretreated AB are much stronger and 
more notable in the first two loss regions, as observed in Figure 2.21. After 
pretreating AB to 120°C, it is converted into PAB that only demonstrates the second 
and third mass losses. After pretreating AB to 170°C, only PIB is left, that just shows 
the third mass loss at 250-350°C, as predicted. In addition, from 200°C to 400°C in 
the TG plot of the pretreated sample at 80°C, the mass loss is 2.8% relative to the 
mass at 200°C. Assuming the existence of only PIB at 200°C, then the BNHδ should 
be at δ = 1.3 ratio. However, δ is calculated as zero if using TG plot of the pretreated 
sample at 170°C. The real case of the synthesis in the used furnace should be closer to 
the latter one. The H content in BNHδ should be marginal. The whole process scenario 
is summarized in Figure 2.22. The reason of exceptional increase around 200oC in the 
TG of 120oC-intermediates is still not clear, possibly because the intermediate is a 
series of PAB molecules with different molecule weights. This needs further studies in 
the next in-situ IR characterization. 
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Figure 2.21 TG profiles of intermediate products corresponding to different thermal 
treatment temperatures during the pyrolysis of AB. The pink curve is the DSC profile 
of raw AB. 
 
Figure 2.22 Thermal dehydrogenation process of AB. 
 
The growth process of BN nanosheets is further documented by SEM images in 
Figure 2.23. During pyrolysis of AB, a ribbon-like matter becomes slightly fuzzy and 
disordered with an increase in reaction activity after pretreatment at 80°C, probably 
because of conversion to a new mobile phase.9 Subsequently, the new-phase AB is 
dehydrogenated and fully translates into PAB at 120oC, then to PIB at 160oC and to 
BNHδ at 400°C. Since the intermediate polymer phases are made of densely packed 
bubbles (Figure 2.23c), I propose an original growth mechanism named as “chemical 
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blowing” to describe the morphology evolvement herein. Along with the above 
chemical conversion, when an “activated” new-phase AB starts to change into PAB 
around 100°C, H2 starts to be released that initiates the blowing of soft PAB polymers 
into bubbles. Then, due to self-heating, the transformation from AB via PAB to PIB is 
fast completed. Quickly released H2 effectively blows bubbles until their walls 
become very thin. The polarity of B-N bonds may contribute to the formation of 
plane-like structures of polymers which can effectively trap the released gas. Within 
this process, some small molecules, such as borazine, are also lost, which further 
intensifies the thinning process. Finally, polymeric walls of bubbles change into 
crystalline BN walls at a high temperature accompanied with dehydrogenation, and 
then convert into atomically-thin sheets after bubble crushing, and/or collapse. This is 
a completely new mechanism to prepare BN bubbles and nanosheets. In this process, 
the pretreatment conditions and heating rate are two very important factors 
determining large BN bubbles and getting a decent yield of BN nanosheets. Following 
the optimized heating rate of 8oC/min and pretreatment under atmospheric pressure, 
the mass production of large lateral size BN nanosheets is realized. The whole growth 
process thus establishes a new route through a new mechanism into the syntheses 
family for BN nanosheets. 
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Figure 2.23 The growth mechanism of BN nanosheets under proposed “chemical 
blowing”. (a) SEM image of a raw AB molecular crystal with the ribbon-like 
morphology at room temperature. (b) Morphology of the slightly disordered 
ribbon-stack of an intermediate obtained after pretreatment at 80°C for 30 min. (c) 
Morphology of an intermediate (produced at 400°C) showing densely packed bubbles 
connecting with each other in a manner resembling a soap foam. (d) The intermediate 
taken around 250oC revealing clear traces of melting. (e) A sketch explaining the 
growth mechanism of “chemical blowing” that consists of self-bubbling of B-N-H 
polymers under dehydrogenation until it gets atomically thin walls. 
 
The “chemical blowing” mechanism consists of two continuous steps: 
polymerization-bubbling and bubbling-solidification under heating of AB, as 
described above. First, the translated “soft” PAB and partially molten AB are foamed 
2 μm 50 μm 2 μm
(a) (c)(b) 
(e) 
(d) 
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by released H2 at a low temperature (100-120°C), and then the bubbles are largely 
blown and become solid BNHδ. The bubbles gather to form a vein-like polygonal 
interfacial frame. The thin walls of bubbles are transformed into final BN atomic 
sheets through crushing/collapse of the bubbles. Herein, I discuss whether there is 
enough gas to keep the large bubbles. I model the released H2 kinetics based on a 
simple process illustrated in Figure 2.24. For an ideal final BN bubble with a typical 
diameter d = 100 m and a thickness t = 1~5 nm, there is 2.6×10-12~1.3×10-11 mol 
h-BN produced based on a BN density of 2.1 g/cm3. Thus, the total H2 released from 
AB to BN is 7.9×10-12~4×10-11 mol. This gas can support a bubble with a diameter of 
70~120 m, which is just self-consistent. In another word, there is enough exhausting 
H2 to blow the polymer into the large bubbles. Approximately speaking, this dilation 
of bubbles would make the thickness of bubble walls decreased by an order of 
magnitude or more. Besides, because of losing small molecules and density 
contraction from AB (0.78 g/cm3) to BN (2.1 g/cm3), the final thicknesses of bubble 
walls effectively decrease to only several atomic layers. 
 
Figure 2.24 A simplified sketch demonstrating a transition from the polymer to 
BN-walled bubbles and sheets, emphasizing the dilation of bubbles’ cubage and the 
thinning of their walls. 
 
2.3.4. Yellow Luminescence of BN Nanosheets 
The absorption spectrum of the synthesized BN nanosheets showed a strong peak 
in the deep UV range with a maximum at 210 nm and the absorption edge of 5.4 eV. 
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These features are attributed to intrinsic optical bandgap of BN (Figure 2.25a). The 
near-band-edge exciton-related recombination was also observed as a weak peak at 
228 nm in a room temperature CL spectrum. 
The strongest emission located around 320 nm in the CL spectrum demonstrates 
fine multi-phonon features at 308.8, 322.4 and 337.5 nm. The phonon frequencies 
involved in these transitions are 1366 and 1387 cm-1, consistent with the B-N E2g 
vibration mode, which has also been measured as 1375 cm-1 by the Raman 
spectroscopy (inset of Figure 2.25a). This 320 nm broad band often appeared in BN 
samples, for instance, BN nanotubes, nanorods and whiskers, and was attributed 
either to impurity and vacancy defect centers or to radiative excitonic dark states, but 
the detailed origin is still unclear.18-22 
In the 2D PL spectra (Figure 2.25b), three periodic emission bands centered at 
405, 429 and 456 nm exhibit a well-resolved vibration progression with the phonon 
frequency of 1380 cm-1. This emission results from closed-shell BO- centers in the BN 
systems, which would be useful in new full color emitting phosphors.23,24 
While taking a whole survey of 2D PL spectra (Figure 2.25b), in addition to the 
strong emission at 325 nm with the excitation 286 nm (similar to 320 nm broad band 
of CL spectrum), another slightly different emission at 337 nm with the excitation at 
269 nm is also observed (indicated by a blue arrow in Figure 2.25b). This latter 
emission is partially overlapped with the strong former emission; however, clearly, it 
is a new luminescence center rather than a phonon replica of the 325 nm emission. 
For the PL spectrum shown in Figure 2.25c, the 337 nm emission together with 405 
nm BO- emission of BN nanosheets becomes more sharp and intense after the partial 
oxidization. Thus, the observed emission at 337 nm can be tentatively ascribed to the 
oxygen-related or anti-oxidation luminescence centers, e.g. deep acceptor complex 
centers formed by impurity oxygen in association with the adjacent boron 
vacancies25,26 or sp3-bonded BN structures.27 The complex origin of the emission 
bands associated with impurities and defects in the present BN nanosheets will be in 
detail investigated in the future work. 
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Figure 2.25. (a) UV absorption and room-temperature CL spectra of BN nanosheets. 
The inset is a Raman spectrum of BN nanosheets. (b) 2D excitation-emission PL 
spectra of BN nanosheets. (c) Comparative PL spectra of pristine and oxidized BN 
nanosheets treated at 600oC in air for 3 h. 
 
2.4. Conclusion 
In summary, I establish a new route of “chemical blowing” into the syntheses 
family of BN nanosheets in this Chapter. It realizes the mass production of 
atomically-thin (one-to-few atomic layers) free-standing BN nanosheets. The yield of 
the BN products is as high as 40 wt.% with respect to the precursor AB. The BN 
nanosheets possess the hexagonal crystalline structure and large lateral dimensions. 
The average thickness of BN nanosheets is estimated around 3-5 nm. The BN 
products feature a large surface area of 140 m2/g due to the interconnected network 
microstructures. Moreover, they demonstrate intrinsic luminescence as well as strong 
yellow luminescence. 
The mechanism and control of the growth process of BN nanosheets are also 
studied. A completely new mechanism of “chemical blowing” is proposed in 
synthesizing BN bubbles and nanosheets, which consists of two continuous steps of 
polymerization-bubbling and bubbling-solidification. Following the optimized heating 
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rate of 8oC/min and pretreatment under atmospheric pressure in this process, the mass 
production of large-lateral-size BN nanosheets is thus realized. 
This new technology has two main characteristic features, i.e. high product yield 
and laterally large sample areas. This catalyst- and substrate-free method is simpler 
than the normal CVD method, and its products generally possess larger lateral 
dimensions than those after the liquid exfoliation. These not only provide 
large-enough area nanosheets readily available for their electrical and mechanical 
performance explorations, but also give enough nanosheets’ mass for fabricating 
ultimately strong polymeric or other composites. The developed technique also opens 
up a wide horizon for the analogous growth of other 2D inorganic nanosheets and the 
full realization of their potentials in nanotechnology. 
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3.1. Introduction 
BN and graphene nanosheets have similar 2D lattice structures but very different 
electric properties. BN nanosheet is an insulator whereas graphene has a zero bandgap. 
Merging “white” (i.e. BN) and “black” (i.e. graphene) nanosheets, intermediate 
B-C-N nanosheets offer a host of different configurations. B-C-N nanosheets are 
expected to provide a smart approach to tune the bandgap in a large range, as 
discussed in Section 1.2.3. The nanosheets with tunable semiconductivity are 
envisioned as an important congener for the graphene-based flat electronics. They can 
further introduce a rich variety of physical and chemical properties; and numerous 
possible technological applications in the fields of optronics, field emission, catalysis 
and lubrication can be realized by utilizing this new class of materials. Unfortunately, 
it is more difficult to synthesize B-C-N nanosheets than their BN and graphene 
counterparts; therefore few studies are conducted on them. Herein, I prepared Cx-BN 
nanosheets with tunable carbon contents through introducing the controlled ethanol 
atmosphere into the “chemical blowing” process previously demonstrated in the last 
Chapter. Cx-BN nanosheets with different compositions were obtained, which is 
studied in Section 3.3.1. The carbon distribution within a Cx-BN nanosheet was 
identified, and first-principles calculation indicated their bandgaps tunable along with 
the composition, which are illuminated in Section 3.3.2. These properties further 
resulted in the tunable conductivities of such Cx-BN nanosheets, which are 
demonstrated in Section 3.3.3. 
Graphene, one atomic layer of graphite, possesses unique physics and diverse 
applications. The widely used graphene product, RGO, has low conductivity and 
small lateral dimensions, which always typically suppress their intrinsically excellent 
features. Herein, I fabricated the graphene bubble-networks through an improved 
“chemical blowing” route using an ammonium salt as the exotic blowing agent. The 
graphene bubble-networks were further transformed into graphene nanosheets with a 
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high conductivity and a large lateral size, which is revealed in Section 3.3.4. They 
thus served as useful electrode materials to make a high performance supercapacitor, 
which is discussed in the Section 3.3.5. 
 
3.2. Experimental Process 
3.2.1 Synthesis of Cx-BN Nanosheets by “Chemical Blowing” in an 
Ethanol Atmosphere 
Ethanol atmosphere was introduced in the third stage of the pyrolysis of AB, as 
marked by “Doping” in Figure 3.1. The heating process of AB was the same with the 
previous one for producing BN nanosheets in the last Chapter. Saturated ethanol was 
purged into the furnace under an Ar flow after the temperature reached 500°C. The 
time periods for purging with ethanol were set as 10, 20 and 30 min to vary and 
control the carbon concentration. Different processes, 2-4, produced Cx-BN materials 
with different carbon contents (the contents shown here were determined from Figure 
3.3). The carbon contents increased with increasing time of the ethanol input. 
 
 
Figure 3.1 A typical setup of time-dependent experimental parameters for Cx-BN 
production. 
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3.2.2. Synthesis of Graphene Nanosheets by Ammonium-Assistant 
“Chemical Blowing” 
The equivalent of AB, ethane, was firstly considered to synthesize graphene 
nanosheets. However, the natural form of ethane is gaseous, and the decomposition of 
ethane thus is endothermal in sharp contrary to AB, as shown below. The self-heating 
blowing process using an ethane precursor thus is not plausible. 
 
C2H6  C2H4 + H2   ΔH = 32.6 kcal/mol 
C2H4  C2H2 + H2   ΔH = 42.0 kcal/mol 
C2H2  C2 + H2    ΔH = 145.7 kcal/mol 
 BH3NH3  BH2NH2 + H2   ΔH = -5.1 kcal/mol 
BH2NH2  BHNH + H2   ΔH = 31.4 kcal/mol 
BHNH  BN +H2     ΔH = 134.3 kcal/mol1 
 
Herein, glucose was selected as a precursor to polymerize into intermediate 
polymers. To match this polymerization process, ammonium chloride (NH4Cl) was 
used as an exotic blowing agent, which chemically released the NH3 vapor to 
appropriately blow the molten sugar-derived polymers into large polymeric bubbles. 
The polymeric bubbles were then annealed and transformed into graphene bubbles at 
1300oC; this basically followed a pathway similar to the case of BN nanosheets 
discussed in the last Chapter. 
The designed route was a facile one-pot heating of glucose and NH4Cl mixture 
with a mass ratio 1:1 under Ar atmosphere in a furnace tube with the length of 50 cm 
and the outside diameter of 5 cm. The obtained product was the sponge-like black 
foam, from which the graphene nanosheets were refined through the crushing/collapse 
and a subsequent centrifugation. 
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3.2.3. Characterization of Cx-BN and Graphene Nanosheets 
Most characterization apparatus were the same as previously described for the 
BN products in Section 2.2.2. Briefly, the morphology, structure, chemical state, 
conductivity and surface area of the product were characterized by various kinds of 
the microscopies, spectroscopies, thermal analysis and N2 adsorption-desorption. The 
morphology of the nanosheets was analyzed by SEM, HRTEM, AFM and optical 
microscopy. The structures were characterized by ED, Raman and UV-vis. Chemical 
states and compositions were studied by EELS and XPS. 
The microelectronics measurements were conducted by making electrical patterns 
using electron beam lithography and deposition. For electric devices, the Cx-BN 
sheets were transferred onto SiO2/Si substrates and covered by the e-beam photo resist 
film (ZEP520A, Zeon Co.). The designed patterns were drawn by electron beam 
lithography (Elionix, ELS-7500EX) and then Ti/Au (10 nm/100 nm) contacts were 
deposited to form electrodes utilizing an electron beam evaporation system (ULVAC 
UEP-300-2C). Electrical measurements were carried out at a room and low 
temperature prober system (made by HiSOL Inc. & Nagase Electronic Equipments 
Service Co.) with a semiconductor parameter analyzer (Keithley 4200-SCS). 
The electrochemical tests on a graphene-based supercapacitor were carried out in 
the standard 3-electrode system. The working electrode was made of graphene 
nanosheets and 10 wt.% fraction tetrafluoroethylene on steel meshes. The counter 
electrode was Pt; and the reference electrode was Ag/AgCl. The electrolyte was 1M 
H2SO4 aqueous solution. Different electrochemical performances of such 
single-electrode supercapacitor were examined by an electrochemical workstation 
Solartron 1280B. 
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3.3. Results and Discussion 
3.3.1 Cx-BN Nanosheets: Controllable Carbon Mergence 
When introducing a carbon-containing atmosphere coming from ethanol into the 
“chemical blowing” described in the last Chapter, the carbon was inserted into the BN 
matrix to form Cx-BN nanosheets. As-grown Cx-BN specimens are shown in Figures 
3.2a-c. From C0.3-BN to C0.7-BN, the color becomes grayer and darker opposed to the 
“snow-white” BN phase (carbon fraction here is determined by EELS, as shown 
below). Comparing with pure BN nanosheets, there is no obvious change in their 
morphology, as verified by corresponding HRTEM images (Figures 3.2d-f). 
 
 
 
 
 
 
 
 
 
Figure 3.2 (a-c) As-grown Cx-BN nanosheet specimens. (d-f) Corresponding HRTEM 
images. 
 
As-synthesized Cx-BN nanosheets with different carbon contents were analyzed 
by EELS in Figure 3.3a. The carbon fractions are 14, 18 and 27 at.% for the three 
representative nanosheets denoted as C0.3-BN, C0.4-BN and C0.7-BN, respectively. The 
K-edge absorptions of B, C and N atoms exhibit the sharp peaks followed by wider 
bands corresponding to the 1s-π* and 1s-σ* transitions, respectively. This is a clear 
characteristic of the sp2-hybridization indicating the hexagonal arrangement of B, C 
and N atoms in the sheets. 
(a) (b) (c) 
(d) (e) (f) 
10 nm 10 nm 10 nm 
C0.3-BN              C0.4-BN            C0.7-BN 
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In agreement with the color changes, the light absorption in the visible range 
increases with increasing carbon contents (Figure 3.3b). The absorption spectra of 
Cx-BN nanosheets show two separated bands: the absorption peak at 210 nm with an 
absorption edge of 5.4 eV is attributed to h-BN, while the wide absorption band 
stretched from 200 to 800 nm is similar to graphene’s absorption and caused by 
carbon additives. This implies the existence of a phase-separated structure made of 
BN and carbon domains. Phase-separated C-BN has much fewer C-N and C-B bonds 
than a homogeneous B-C-N, which is verified by the XPS analysis (further discussed 
in Figure 3.5). Moreover, I identify many ~10 nm carbon islands which may be 
regarded as graphene quantum dots attached on BN matrices’ surfaces during detailed 
spatially-resolved EELS mappings; and, first-principles calculations indicate that 
small gaps are opened mainly because of quantum confinement in these 
superlattice-like carbon domains (see more in the next Section),2,3 qualitatively 
explaining the non-zero optical absorption edge (discussed in the following part). 
 
 
 
 
 
 
 
Figure 3.3 (a) EELS of Cx-BN nanosheets manifesting the different carbon contents 
in them. (b) UV-Vis diffuse reflection spectra of Cx-BN nanosheets highlighting their 
absorption and optical bandgaps. 
 
UV-Vis spectra were used to investigate the optical bandgap, according to Tauc’s 
equation,4 
)( gEhAh      (3-1) 
where α is absorption coefficient, hυ is photon energy and A is a constant depending 
600 400 200
0.0
0.2
0.4
 
Wavelength (nm)
A
bs
or
pa
nc
e 
(a
.u
.)
C0.7-BN
C0.4-BN
C0.3-BN
BN
200 300 400 500
3
6
N K
C K
*
 
 
 
C
ou
nt
s 
(

 )
Energy loss (eV)
* *
*
*
*
B K
C0.7-BN
C0.4-BN
C0.3-BN
BN
(a) (b) 
Chapter3. Synthesis, Characterization and Electrical Properties of Cx-BN and graphene nanosheets 
91 
on the transition probability. For powders or bulk materials, α can be replaced by 
diffuse absorption coefficient, F(R), via Kubelka-Munk function in terms of diffuse 
reflectance R,5,6 
)()( gEhAhRF      (3-2) 
)2/()1()( 2 RRRF     (3-3) 
So, the intercept value of straight line region of hRF )(  vs hυ determines the 
bandgap, as shown in Figure 3.4. The absorption peak located at 210 nm is basically 
kept at the same position without change for different Cx-BN nanosheets. The optical 
bandgap of h-BN is thus determined as 5.4 eV. The wide absorption band from 200 to 
800 nm with an absorption edge around 0.4 eV is caused by the carbon phases. 
Although the absorption peaks of carbon phases partially overwrite with that of BN, 
the non-zero optical bandgap still can be distinguished for Cx-BN specimens. The 
more accurate values of their bandgaps are indentified in Section 3.3.3. Besides, an 
additional small peak at 5 eV (250 nm) is also peculiar to the absorption of BN phases 
and is attributed to the intrinsic dark exciton absorption.7,19 
 
 
 
 
 
 
 
Figure 3.4 Plots of hRF )(  vs hυ according to the absorption data of Figure 3.3b. 
 
XPS analysis was performed to get insights into the chemical state and 
composition of Cx-BN samples. The deconvolutions of B1s, C1s and N1s edges are 
shown in Figure 3.5a. The main peak of B1s at 190.1 eV is attributed to B atoms 
surrounded by N atoms. Correspondingly, the main peak of N1s at 397.8 eV is due to 
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N atoms surrounded by B atoms. The main peak of C1s at 284.2 eV is close to the 
value for graphite. The sub-peak at 285.3 eV and the very small sub-peak at 283 eV 
are due to C-N and C-B bonds, respectively. The corresponding signals of N or B 
atoms for such C-N or C-B bonds are also observed as N1s and B1s sub-peaks, 
located at 399 eV and 188.4 eV, respectively. The elemental contents of different 
chemical states were calculated based on their deconvolutions together with the 
sensitivity factors (B: 0.486; C: 1; N: 1.8), as diagramed in Figure 3.5b and Table 3.1. 
Generally, the values of carbon fractions are close to those derived from EELS. 
Moreover, I found that carbon atoms are mainly connected to each other with a very 
small fraction of existing C-N or C-B bonds, which suggests a highly heterogeneous 
structure of phase-separated BN and carbon phases. Disorders and boundaries 
peculiar to these carbon fragments would induce strong D bands in a Raman spectrum 
of Cx-BN (Figure 3.6), which should disappear in a graphene single crystal.8 
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Figure 3.5 (a) Deconvolutions of B1s, C1s and N1s peaks of three Cx-BN nanosheets. 
(b) Elemental contents of B, C and N at different chemical states for Cx-BN 
nanosheets. (c) Survey spectra of samples acquired on a Si substrate. 
Table 3.1 The contents of elements in the special chemical bonds of C-B and C-N. 
This is also diagramed in Figure 3.5b. 
Contents All C C in C-B C in C-N B in C-B N in C-N 
C0.7-BN 0.24 0.005 0.024 0.003 0.025 
C0.4-BN 0.2 0.004 0.034 0.003 0.035 
C0.3-BN 0.16 0.005 0.03 0.004 0.03 
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Figure 3.6 Raman spectrum of C0.7-BN nanosheets placed on a SiO2 substrate, 
showing similar features to those of the graphene, which are different from those of 
BN nanosheets. 
 
At last, I’d like to discuss whether the graphitization for Cx-BN samples may 
occur on the surface of BN matrices. For synthesizing Cx-BN sheets, ethanol was 
introduced at 500-900°C to cause graphitization. I hope that the carbon can be merged 
into a BNHδ matrix while cause no morphology changes. However, at this 
temperature, the structure of BNHδ with a small amount of hydrogen has been stable 
enough to prevent the formation of nano-size carbon domains within the BNHδ walls. 
Of course, it is more difficult to substitute nitrogen around N-H sites in BNHδ bubbles 
into carbon to form homogeneous B-C-N specimens due to a low temperature. Even if 
homogeneous B-C-N species had formed, they should be kept in the final products 
after annealing because the diffusion rate in C-BN segregation through interlayer 
diffusion is very slow;9 however, a homogeneous B-C-N sheet was not found under 
extensive TEM observations in fact. Hence, graphitization should directly occur on 
the surfaces of BNHδ bubbles. Such phase-separated specimens finally transform into 
graphene-like islands surface-attached to BN matrices, as stated above. 
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3.3.2 Cx-BN Nanosheets: Carbon Distribution and First-Principles 
Calculated Bandgaps 
Carbon distribution analysis is a challenging task for the B-C-N system. There is 
no an effective method to map the B, C and N elements at a high resolution. Herein, I 
try to use EELS mapping to resolve the atomic structure of my Cx-BN nanosheets. 
The carbon distribution is not superimposed with the boron/nitrogen distribution, as 
demonstrated by a cross-sectional spatially-resolved chemical analysis (Figure 3.7e). 
Areas I, II and III of Figures 3.7c,e where C-rich compositions are visible, 
correspond to black spots marked by the same symbols in Figure 3.7a. These spots 
are carbon domains with sizes of around 10 nm. Orange lines IV, V and VI are 
boron/nitrogen-rich contours and correspond to the vertical (002) fringes (Figures 
3.7a,e). Boron/nitrogen-rich domains exist at different positions from those of carbon, 
indicating separated phases of BN and carbon. It is noticed that C-rich area III is 
located closer to the sheet surface than boron/nitrogen-rich area VI. This implies that 
the carbon domain is attached on the surface of the edge-on seen sheet walls. 
This can be confirmed by the arcs VII and VIII (Figures 3.7a-c). Arc VII 
constructed based on boron/nitrogen bright contours corresponds to the edge-on seen 
(002) planes due to their folding. Arc VIII constructed based on the carbon intensity 
contours shows a smaller curvature radius than arc VII, as indicated by the 
cross-section analysis profile across these two arcs (Figure 3.7f). It gives the 
narrower carbon profiles and wider boron/nitrogen profiles. Therefore, the 
phase-separated few-layered C-rich domains preferentially attached to the surface of 
BN matrices may be proposed and the appropriate physical model is depicted in the 
inset of Figure 3.7a. These carbon fragments may be regarded as graphene quantum 
dots and their networks have a potential for applications in magnetic memories, 
chemical sensors and biosensors, high-velocity transistors and single-electron devices. 
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Figure 3.7 (a) Zero-loss TEM image of a C0.7-BN nanosheet, the inset marks a sketch 
describing the sheet morphology. (b-d) EELS elemental mapping showing the 
spatially-resolved distribution of B, C, and N species. (e,f) Corresponding 
cross-sectional composition profiles along the marked red solid lines in (a). 
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I further attempted to investigate the domain structure through the burning 
experiments on the nanosheets. The images in Figure 3.8 show C0.7-BN sheets before 
and after burning in air at 700°C over 30 min. It is difficult to confirm that removed 
carbon domains cause deterioration of nanosheets after oxidation, and/or appearance 
of concave surfaces. Therefore, most likely, carbon domains only occupy the 
outermost surface areas on the BN matrix, as I have stated above. 
 
 
 
 
 
 
 
 
Figure 3.8 TEM images of C0.7-BN nanosheets: (a) before burning; (b) after burning 
in air at 700oC. 
 
The first-principles calculations were performed based on the density functional 
theory (DFT) with local density approximation (LDA) as implemented in Vienna ab 
initio simulation package (VASP). The simplest model of one-layered carbon 
fragments on a one-layered BN matrix was adopted for studying the phase-separated 
structures, i.e., carbon domains surface-attached to BN matrices (Figure 3.9). The 
edge of carbon fragments was saturated with hydrogen. A stable layer-to-layer 
distance of 0.34 nm was optimized to compute the densities of states (DOS). The 
calculated DOS reveals that BN has a wide bandgap of 4 eV, which is underestimated 
due to DFT-LDA calculations adopted. From C0.3-BN to C0.8-BN, more and more 
bands appear within the bandgap of BN (around -1 to 3 eV), and they give bandgaps 
of 0.82 and 0.23 eV, respectively. Generally speaking, the variation of band structure 
goes in accord with co-existence of hybridized atomic layers of BN and graphene, 
graphene nanohole superlattices and graphene quantum dots embedded in BN 
(a) (b) 
20 nm 20 nm 
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sheets.10 Small bandgaps are opened in the carbon domains owing to quantum 
confinement and/or spin polarization at specific C-BN boundaries, which is useful for 
electronics and luminescence. 
For a C2-BN composition (that corresponds to one BN atomic sheet plus one 
carbon atomic sheet), the bands of the material show graphene-like characteristics 
around Fermi level, as would be expected on the basis of the weak interlayer 
interactions of bulk h-BN and graphite. Within the bandgap of BN (around -1 to 3 eV), 
the bandgap of carbon layer is zero (or very small, much less than 0.1 meV) from 
Dirac-cone-like dispersion around -1 to 1 eV. 
In a word, with an increase of carbon fraction, the bandgap gradually changes 
from 4 eV (double-layered BN) via 0.82 and 0.23 eV (graphene superlattice-like 
carbon fragments surface-attached to a BN matrix) to zero (graphene-BN double 
layers). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 (a-d) The side and top views of BN, C0.3-BN, C0.8-BN and C2-BN 
nanosheet structural models. (e) The calculated DOS of BN, C0.3-BN, C0.8-BN and 
C2-BN nanosheets. Fermi level is set at zero energy. 
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3.3.3 Cx-BN Nanosheets: Tunable Electrical Properties 
100-μm Cx-BN atomic nanosheets provide wide enough areas to be utilized in 
many electronic devices with unique electrical characteristics. The precisely tunable 
conductivity was firstly demonstrated here. The 4-electrode field-effect transistor 
(FET) with Si substrates as a back gate is shown in Figure 3.10a. Effective width and 
length of channel of such FET are around 15 μm and 1 μm, respectively. Neighboring 
two electrodes serve as the drain and source for the electrical measurements. Pure BN 
nanosheets are electrical insulators, whereas Cx-BN sheets become semiconductors 
with a controlled resistivity varying in a large range, from 102 to 10-1 Ωm, depending 
on their carbon contents (Figure 3.10b). Somewhat weaker conductivity of Cx-BN 
nanosheets compared with graphene results from the existence of spatial gaps 
between carbon domains. 
The resistivity (R) of Cx-BN nanosheets rapidly increases under cooling, 
reflecting a typical semiconductor behavior (Figure 3.10c), well described by 
TkEeR B/     (3-4) 
, where E is the bandgap and kB is Boltzmann’s constant. The thermal bandgaps are 
calculated as 56 and 17 meV for C0.3-BN and C0.7-BN compositions, qualitatively 
consistent with the bandgaps’ values derived from the first-principles calculations. 
Tunable bandgaps of the hybridized heterogeneous Cx-BN structures behave similarly 
to those of graphene nanohole superlattices.11 
The transconductance gm from linear-region of transfer characteristics can be 
used to calculate mobility μ,12 
SDo
m VwC
lg    (3-5) 
, where w and l are the channel width and length, Vsd is the drain-source voltage and 
Co is the gate capacitance per unit area. Assuming a model of parallel plate capacitor: 
Co= εrεo/h, where εr is the dielectric constant (3.9 for SiO2), and h is the thickness (200 
Chapter3. Synthesis, Characterization and Electrical Properties of Cx-BN and graphene nanosheets 
100 
nm) of the gate oxide layer. From the transfer characteristics, I get the mobility 1×10-3 
and 8×10-6 cm2V-1s-1 for C0.7-BN and BN sheets (Figure 3.10d). The small mobility 
results from the polycrystalline structure of BN and phase-separated carbon domains 
on BN matrix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 Electrical properties of Cx-BN nanosheets. (a) The high-magnification 
and low-magnification (the inset) optical images of a FET device for electrical 
measurements. (b) Current-voltage characteristics of BN and Cx-BN nanosheets 
measured at room temperature with the same geometry of a conducting channel. (c) 
Temperature-dependent resistance of Cx-BN nanosheets (the inset shows linear-fit 
ln(R) function of T-1 in 50-200 K). (d) Transfer characteristics of the FET devices with 
fixed drain-source voltage 5 V. 
100 200 300
0.0
3.0x108
6.0x108
9.0x108
0.010 0.015 0.020
20
30
 
 
1/T (K-1) 
ln
(R
)
BC0.3N
 
BC0.7N
Temperature (K)
R
es
is
ta
nc
e 
(
)
0.0
2.0x1014
4.0x1014
(c) 
0 2 4 6
0
10
20
30
40
50
60
70
200
400
 
 
C0.7-BN
C0.4-BN
C0.3-BN BN
Voltage (V)
C
ur
re
nt
 (n
A
)
(b) 
-60 -40 -20 0 20 40 60
0.2
0.3
0.4
 
Back Gate Voltage (V)
D
ra
in
 C
ur
re
nt
 (n
A
)
100
120
140
160
BN
BC0.7N  
(d) 
10 μm 
(a) 
Chapter3. Synthesis, Characterization and Electrical Properties of Cx-BN and graphene nanosheets 
101 
 
3.3.4 Graphene Nanosheets: Large Lateral Size and High 
Conductivity 
Graphene products were fabricated through heating the glucose-NH4Cl mixture. 
The obtained products are interconnected bubble-networks constructed by graphene 
membranes supported by graphitic struts, as shown in Figure 3.11a. Hundreds of 
milligram outputs are possible during a single experimental run in my small tubular 
furnace. The products resemble the incompletely closed-cell solid foam, which give 
an ultralow density of 3 mg/cm3 comparable with carbon aerogel and metallic 
microlattices.13 There are some higher-order structures attached on the surface of 
graphene membranes, such as surface corrugations, fluctuations and concaves (Figure 
3.11b). The abundant surface details of such graphene membranes thus determine 
their high SSA, which was measured as 970 m2/g. 
 
 
 
 
 
 
 
Figure 3.11 (a,b) SEM images of high-throughput graphene bubble-networks under 
ammonium-assistant “chemical blowing”. The inset is an optical picture of the 
product. 
 
The graphene nanosheets were separated from their bubble-networks by a 
centrifugation. More contracted surfaces of graphitic struts determine a lower 
frictional force in solutions and higher sedimentation coefficient. Graphene 
nanosheets were subsequently refined from the supernate, as shown in Figure 3.12a. 
(a) (b) 
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The graphene nanosheets possess large lateral dimensions with an average size of ca. 
20 m. This is larger than that derived from top-down exfoliations and bottom-up 
arc-discharge/solvothermal methods. The average thickness is around 3-4 nm. A 
4-layered graphene nanosheet is clearly seen in Figure 3.12b. The conductivity of 
such ultra-thin nanosheets is measured as up to 20,000 S/m, using a FET 
configuration similar to that in Figure 3.10. This value is closely approaching that of 
graphite, and is higher than that of not annealed RGO (typically ca. 7,000 S/m). A 
higher conductivity of RGO still requires an additional process of high-temperature 
annealing, while the annealing is an included in-situ step for the process designed by 
us. 
 
 
 
 
 
 
 
 
 
 
Figure 3.12. TEM images of an ultra-thin graphene nanosheet, which exhibits 4 clear 
graphitic layers. 
 
The growth mechanism is proposed as follows. In heating the mixture of glucose 
and NH4Cl, a molten syrup gradually polymerized and became viscous at the early 
heating stage. Chemically released gases from NH4Cl simultaneously blew 
glucose-derived polymers (such as melanoidin) into large bubble networks. The 
expanding of bubbles results in thinning of bubble walls. During subsequent 
annealing, the ultra-thin polymeric walls of bubbles are further graphitized into 
graphene membranes. 
(a) (b) 
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The reliable productions of graphene nanosheets are also realized through such 
ammonium-assistant “chemical blowing” using the precursors of naphthalene or a 
kitchen-use sugar. It is worthy noticing that my product costs only 0.25 ~ 0.75 $/g 
when I take our laboratory scale as a reference. This is much lower than the price of 
the commercial graphene flakes and 3D graphene foam. The graphene nanosheets 
starting from cheap sugars opens up their bright future; and this facile one-pot route 
can be easily scaled up to kilogram-level productions, and thus enables their practical 
applications in electrochemical capacitors and reinforced plastics. 
 
Graphene products Prices ($/g) 
Multi-layered flakes 4 
Flakes with the average thickness of 60 nm 4 
Flakes with the average thickness of 12 nm 5 
Flakes with the average thickness of 8 nm 20 
Flakes with the average thickness of 3 nm 300 
3D graphene foams 10,000 
Table 3.2 Prices of commercial graphene flakes and graphene foams.14 
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3.3.5 Graphene Nanosheets: High-Capacity Electrochemical 
Supercapacitors 
In the next-generation power sources, electric double layer capacitors (EDLCs) 
are expected to supply high power density and high energy density, based on a 
large-surface active material and a quick surface reaction. Graphene-based 
supercapacitors have risen since 2008, which are introduced in Section 1.3.2. The 
EDLCs made of my graphene nanosheets are demonstrated in a H2SO4 aqueous 
system here. The charge-discharge curves of a sing-electrode supercapacitor are 
presented in Figure 3.13. The tri-angular voltage profiles imply the ideal EDLC 
behaviors. The corresponding specific capacitance is calculated by the following 
equation, 
Vm
tIC s     (3-6) 
, where I is the current, Δt is the discharge time, V is the potential range, and m the 
mass of the active materials on an electrode. The maximum capacitance of around 170 
F/g is achieved at 1 A/g. The specific capacitance descend along with increasing 
discharge current density, resulting form the increasing electronic and ionic 
resistances. The capacitance approaches its maximal intrinsic value at a very low 
current, generally in the direct proportion with the SSA of a material. The high 
capacitance of my graphene-based supercapacitors thus might result from their high 
SSA. 
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Figure 3.13 Galvanostatic charge/discharge measurements at different constant 
currents. The voltage is versus saturated Ag/AgCl. 
 
The resistance and capacitance calculated from the frequency response analysis 
based on a series RC model is shown in Figure 3.14. In highest frequency (>1000), 
the residue resistance exactly reflects the contact outside of the active materials 
including contact to collectors, ion resistance in electrolyte and across the separator. 
At moderate and low frequency, the resistance increased because of the contribution 
of charge-transfer resistance, quasi-parallel resistance and ion diffusion resistance. 
The relatively low resistance of my graphene-based supercapacitor might result from 
their high connectivity. 
Along with decreasing frequency, micron-pores and mesopores continuously join 
the EDL work. After all the accessible surface is utilizing, the capacitance arrived 
saturation. The clear saturation didn’t appear in measured frequency range, but the 
trend to saturation appears at a 0.1 Hz (Figure 3.14b). 
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Figure 3.14 (a,b) Resistance and capacitance calculated from the frequency response 
analysis based on a series RC model. 
 
In an overview, the high-capacitance graphene-based supercapacitors are 
achieved. They show bright expectations to practically use such supercapacitors in the 
future, based on their high performance together with a high-yield and low-cost 
production of graphene nanosheets. 
 
3.4. Conclusion 
 In summary, the carbon is merged into BN matrix through conducting the 
“chemical blowing” production in an ethanol atmosphere. The Cx-BN nanosheets with 
carbon fractions largely regulated in 14-27% are precisely demonstrated through 
different carbon-atmosphere treatments. The phase-separated structures and non-zero 
optical bandgaps of such Cx-BN nanosheets are carefully illuminated. The carbon 
distribution is thoroughly identified through EELS mapping; and the phase-separated 
Cx-BN is thus further described as the structures of carbon domains attached onto the 
surface of BN matrix. 
The bandgaps of Cx-BN nanosheets are delicately tuned through carbon contents, 
which are understood by the quantum confinement effect in the first-principles 
calculations. These tunable properties further determine their tunable conductivity 
largely varying in 0.01-10 S/m. Therefore, these Cx-BN nanosheets with tunable 
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semiconductivity through modifying carbon contents have wide applications in light 
detectors, gas sensors and electronics. Moreover, the abundant production of Cx-BN 
nanosheets must accelerate their applications in the nearest future. 
 The “chemical blowing” technology is also successfully extended into the 
synthesis of graphene nanosheets through an ammonium assistant. The 
ammonium-assistant “chemical blowing” is an improved route, which utilizes an 
exotic blowing agent, the ammonium salt, to blow precursor polymer matrix into 
polymeric bubbles. The match between blowing and polymer-curing can thus be well 
controlled. Graphene nanosheets are successfully produced following such route, 
though heating glucose together with NH4Cl followed by an annealing and further 
refinement. 
The produced graphene nanosheets have large lateral dimensions, high electrical 
conductivity as well as a large surface area. These properties ensure their high 
performance in an electrochemical capacitor. Taking into account their low cost and 
high throughput, the presented production for graphene nanosheets is very meaningful 
to enable the full realization of the potentials of graphenes in our lives. 
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4.1. Introduction 
Nanocomposites with nanomaterials filling into diverse matrices are 
new-generation materials. The low quality and quantity of nanomaterial fillers 
determines the low performance and high cost of nanocomposites, which notably 
limits their current applications. 
The insulating thermoconductive polymeric nanocomposite is an advanced 
packaging material for quick heat-releasing and good electrical insulation in the 
high-speed electronics,1  as discussed in Section 1.3.1. However, the traditional 
thermally conductive fillers such as AlN and Al2O3 powders perform a relatively low 
thermal conductivity.2 BN is one of the best fillers toward this target due to its high 
thermal conductivity in a h-BN layer. Besides, h-BN layers possess other excellent 
properties beneficial to be fillers, such as an intrinsic great insulating property 
(breakdown voltage 700 MV/m; bandgap 5.5 eV), proper dielectric constants (3-4) 
favorably comparable with those of SiO2, high mechanically strength, and high 
thermal and chemical stability.3  BN materials can thus keep the good electric 
insulation in a polymeric composite without undesired electrical leaking; BN 
materials are white in color, so the composites at a high BN filling fraction are very 
easy to be dyed into diverse colors. 
2D BN nanosheets expose all of two dimensionalities parallel to their basal (002) 
crystal planes compared with 0D particles and 1D fibers/tubes; consequently the 
regarded excellent properties of h-BN (002) layers become dominant and substantially 
benefit the phonon transport or force transfer within the BN nanosheet. The thermal 
conductivity of BN nanosheets in theory thus is notably higher than that of BN 
nanotubes or nanoparticles. Therefore, BN nanosheets are envisaged to be superior 
fillers in polymeric composites. 
Practical integration of BN nanosheet into polymer matrices as fillers requires a 
large amount of nanosheets. However, current methods, such as mechanical cleavage, 
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solution exfoliation and CVD, are still unable to provide mass production of BN 
nanosheets. Using a new established “chemical blowing” route, the gram-level BN 
nanosheets have been fabricated in our laboratory as shown in Chapter 2. This high 
throughput of BN nanosheets enables and ensures my studies on their polymeric 
composites. 
In this Chapter, the BN nanosheets have been filled into polymethyl methacrylate 
(PMMA) and polycarbonate (PC) matrices. The superbly reinforced mechanical, 
thermal and insulating properties of the fabricated BN/PMMA and BN/PC composites 
were demonstrated and discussed in Sections 4.3.1 & 4.3.2. 
In addition, the excellent (002) crystal planes dominate the high mechanical 
strength (1 TPa) of graphene nanosheets, similar to the case of BN nanosheets. Such 
remarkable feature is particularly attractive to reinforce the mechanics of a polymer 
matrix. The graphene-nanosheet-filled PMMA composites with an effectively 
enhanced mechanical strength was exhibited and studied in Section 4.3.3. 
 
4.2. Experimental Process 
4.2.1 Fabrication of Nanosheet-Filled Polymeric Composites 
BN/PMMA and BN/PC composites have been fabricated through a casting 
method (Figure 4.1). The BN products grown by “chemical blowing” were dispersed 
into a PMMA/chloroform solution with controlled weight ratios. The mixture was 
then spread on a glass plate to form a fluid film which thickness was controlled by a 
mold with adjustable height of 2-4 m. Chloroform then naturally volatilized at room 
temperature, and was further removed by drying at 50oC. In the similar way, 
graphene-nanosheet/PMMA composites were fabricated utilizing the high-throughput 
graphene nanosheets shown in Chapter 3. 
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Figure 4.1 A casting process for fabricating polymeric composites. 
 
4.2.2 Characterization of Nanosheet-Filled Polymeric Composites 
The transparency of the polymeric composites was checked by an UV-VIS 
spectroscopy. Tensile tests of composites were performed on an EZ-S-100N testing 
machine (Shimadzu Co.), based on dumbbell-like standard slices of composite films. 
Their thermal properties were studied by TG/DSC. Their thermal conductivity was 
measured by a thermal constants analyzer (Kyoto Electronics) by a hot disk method. 
The dielectric properties of the composites were studied by a Wayne Kerr Precision 
Component Analyzer. 
 
4.3. Results and Discussion 
4.3.1. BN/PMMA Composites with Improved Mechanical, Thermal 
and Insulating Properties 
The fabricated BN/PMMA composites with different BN-nanosheets filling 
fractions are shown in Figure 4.3a. The transparency of BN/PMMA composites with 
BN filling fraction up to 10 wt.% is retained more than 50% that of blank PMMA in 
the visible region (Figure 4.3b). The transmission of composites approximately 
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linearly decreases with increasing BN filling fraction due to the scattering caused by 
BN fillers (Figure 4.3c). The 23 wt.% BN/PMMA composite looks near opaque. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 (a) Optical photos of blank PMMA and 4, 10, 15, 18 and 23 wt.% 
BN/PMMA composites arranged left-to-right and top-to-bottom. (b) Comparative 
optical transparency tests on blank PMMA and BN/PMMA composites. (c) The 
change of average transmission of BN/PMMA composites in a visible region along 
with an increase of BN filling fraction. 
 
BN/PMMA composites demonstrate excellent mechanical properties resulting 
from the BN nanosheet embedding. In a typical tensile test (Figure 4.4), the linear 
portion of a stress-strain curve determines the elastic modulus. The following vertex 
is the yield point determining the yield strength. The mechanical strength of 
BN/PMMA composites is maximally reinforced with a 6 wt.% BN loading fraction. 
The elastic modulus maximally increases by 17%, whereas the yield strength 
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increases by 32%. The higher-fraction filling may induce a poor uniformity of BN 
nanosheets dispersed in a PMMA solution. The poor uniformity and related gas 
cavities embedded in composites lead to the ruin of mechanical properties of 
BN/PMMA with a BN fraction higher than 18 wt.%. The improved dispersion of BN 
nanosheets by additional surface modifications in polymer solutions should be further 
studied. 
The presented mechanical reinforcement effect implies that the mechanical load 
can be effectively transferred to BN nanosheets due to the profound interfacial 
BN/polymer interactions. The BN nanosheets are thus effective reinforcing agents to 
provide remarkable mechanical reinforcement for large-scale applications in 
polymeric composites. 
 
 
 
 
 
 
 
 
Figure 4.4 (a) Comparative stress-strain curves of blank PMMA and BN/PMMA 
composites under the tensile tests. (b) The change of tensile elastic modules and yield 
strength of BN/PMMA composites along with the increase of filling fraction of BN 
nanosheets. 
 
The BN/PMMA composites show improved thermal stability along with 
increasing the BN fractions (Figure 4.5a). The onset degradation temperature is 
defined as the temperature at 10% mass loss in TG tests. The onset degradation 
temperatures of BN/PMMA composites except 4 wt.% BN/PMMA are higher than 
that of blank PMMA. 
The mass loss of BN/PMMA composites is then normalized to the weight of 
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PMMA component to clarify the thermal stability of PMMA in composites (Figure 
4.5b). As we know, the two-step degradation of PMMA includes unzipping vinylidene 
end groups and further random scission of polymer links.5 The surface groups of BN 
such as oxidative B-OH may react with the polymer end radicals. This reaction can 
suppress the unzipping of the polymer chain and then stabilize the composite system.6 
This interfacial stabilizing effect was amplified for the large SSA of BN fillers, so the 
mass loss at 120-200oC range quickly decreases for PMMA mixed with BN (except 4 
wt.% BN/PMMA), and the onset degradation temperatures of high-filling-fraction 
BN/PMMA composites are much higher than that of blank PMMA. The PMMA 
molecules attached on BN surfaces are stabilized by surface groups of BN, so that 
they can be kept even at a high temperature of 300oC, which leads to the increased 
residual at 300oC (the inset of Figure 4.5b). 
For the BN/PMMA with a low BN fraction of 4 wt.%, the thermal behavior of 
PMMA is slightly more active than that of the blank PMMA below 250oC, which 
might result from another unknown active radical interfacial reaction. 
 
 
 
 
 
 
 
 
Figure 4.5 (a) TG curves of blank PMMA, BN/PMMA composites and pure BN 
nanosheets. The mass loss of BN nanosheets might result from the loss of 
surface-adsorbed water or organic solvents due to ionic B-N bond characteristics and 
decomposition of surface functional groups. (b) Normalized mass loss in reference of 
the weight of PMMA components for BN/PMMA composites. 
 
The thermal stability was also checked by the glass transition using DSC. The 
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end points of glass transition clearly increase along with the increase of the BN filling 
fraction (Figure 4.6a). Quantitatively, the glass transition temperature was increased 
from 92oC for blank PMMA to 105oC for 15 wt.% BN/PMMA, and to 110oC for 23 
wt.% BN/PMMA (Figure 4.6b). This indicates that thermal mobility of polymer 
chains is affected by the strong and confined BN-PMMA interfacial interactions. The 
confined PMMA chains would exhibit slower dynamics and thus promote an increase 
in glass transition temperature. 
 
 
 
 
 
 
 
 
Figure 4.6 (a) Typical DSC curves of blank PMMA and BN/PMMA composites. 2nd 
scans were used here to release a thermal stress. Glass transition temperatures were 
determined at the mid-point in a three tangent method. (b) Increased glass transition 
temperatures with the BN fraction in BN/PMMA composites. 
 
The BN/PMMA composites demonstrate remarkable thermoconductivity. The 
highest thermal conductivity is 2.6 W/mK for 23 wt.% BN/PMMA (Figure 4.7). It is 
a 17-fold increase compared with the blank PMMA. For a 15 wt.% BN/PMMA with 
decent mechanical strength, the thermal conductivity s also increased by the 5 fold. 
The relationship between thermal conductivity of BN/PMMA composites and BN 
fraction can be fitted by a model of Agari as follows:7 
m1f2c log)-(1loglog  CC    (4-1) 
where c, f, m are the thermal conductivities of composites, BN fillers, and PMMA 
matrixes, respectively; is volume fraction of BN fillers. Parameter C1 relates to 
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structures of polymer matrix; C2 means the difficulty level in forming conductive 
chains of fillers. In this fitting, C1 = 0.94; C2 = 3.9. The C2 is generally larger than that 
of powder fillers, implying an easily constructed thermoconductive path, which 
results from the large lateral size of the BN nanosheets used. Together with the 
abundant interfaces and strong interfacial interactions, the heat in a polymer matrix 
can thus be easily collected and conducted by BN fillers, resulting in a high thermal 
conductivity of the BN/PMMA composites. 
 The good insulating properties are basically kept in the BN/PMMA composites 
(Figure 4.7). The breakdown electric fields of BN/PMMA composites are comparable 
with neat polymers. Although the breakdown electric field slightly decreases with 
increasing BN fraction due to a more easily formed conductive path, the composites 
still well retain their insulating abilities which is fully satisfying for dielectric 
packaging. 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 The increased thermal conductivity and slightly-decreased breakdown 
electric fields versus the BN fraction in BN/PMMA composites. Cyan dots are the 
upper limit of in thermoconductivity theory from parallel models; green dashes are 
fitting curves using the Agari model. 
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constants increase with increasing the BN fraction. A maximum reinforcement of 2.4 
times of blank PMMA is achieved at 23 wt.% BN/PMMA at 106 Hz. The measured 
dielectric constants were higher than the theoretically calculated mixing average 
values based on logarithmic mixing rule or Maxwell-Garnett approximation,8 and 
based on the low-frequency dielectric constant ⊥ (0) = 7.1 and high-frequency 
dielectric constant ⊥() = 5 for BN.9 These exceptionally high dielectric constants 
should result from special interfaces. Large-SSA BN nanosheets cause abundant 
inter-phase interfaces, which increase the interfacial polarization. Secondly, lots of 
surface states on polycrystalline BN nanosheets, such as vacancies and hydroxides, 
may induce additional ionic and electronic relaxation polarizations. These 
polarizations contribute to a large dielectric constant, and also lead to an increased 
dielectric loss, which should appear around 106 Hz, as observed in Figures 4.8b,c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 (a,b) Frequency-dependent dielectric constants and dielectric loss tangents 
for blank PMMA and BN/PMMA composites. (c) Increased dielectric constants and 
dielectric loss tangents (taken at 106 Hz) versus BN fraction in BN/PMMA 
composites. 
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In summary, the large lateral dimensions and large SSA of the produced BN 
nanosheets provide more spacious interfaces and more effective interactions between 
BN and PMMA molecules, which determine their highly thermal conductivity 
insulating properties of BN/PMMA composites. The high yield and high throughput 
of such BN nanosheets further enable their practical applications in the field of 
high-performance functionally reinforced polymeric composites. 
 
4.3.2. BN/PC Composites with Improved Mechanical Properties 
I also fabricated a novel BN/PC composite. PC is a typically used engineering 
plastic. The composite film with a thickness of around 20 μm keeps the transparency 
as high as 70% in the whole visible region (Figures 4.9a,b). The elastic modulus and 
yield strength of BN/PC composites have been dramatically enhanced by dozens of 
percents as a result of BN nanosheet embedding. The regarded elastic modulus 
increased by 8% and 22% for PC/BN composites with 1 wt.% and 2 wt.% BN 
fractions, respectively, and the yield strength increased by 20% and 35%, respectively 
(Figures 4.9c,d). The reinforcement probably results from an effective transfer of a 
mechanical load to the BN nanosheets; meanwhile BN nanosheets provide large-area 
interfaces with PC and enhance the interfacial interactions per unit mass due to their 
ultra-thin thicknesses. 
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Figure 4.9 (a,b) Optical photos and comparative UV-Vis spectra of blank polymers as 
well as BN/PC composites. (c) Stress-strain curves of blank polymers and BN/PC 
composites showing enhanced tensile strength of the composites. (d) Histograms of 
elastic modulus and yield strength enhancements of BN/PC composites compared 
with blank polymers. (A) - blank PC; (B) - BN/PC with 1 wt.% fraction; (C) - BN/PC 
with 2 wt.% fraction. 
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(Figure 4.10b). The modulus of the composite is increased by 1.12 times. The 
strength of the composite is increased by 1.5 times. The reinforcement effect of 
graphene nanosheets is normally comparable with that of previous BN nanosheets. 
The abundant graphene nanosheets further ensure their scaled-up manufacture of such 
polymer composites. The more effective interaction between graphene nanosheets and 
polymer matrices will be further studied in the near further to realize a higher 
mechanical reinforcement and a high electrically conductivity. 
 
 
 
 
 
 
 
Figure 4.10 (a,b) Two films of blank PMMA (left) and graphene-nanosheet/PMMA 
(right); and their corresponding stress-strain curves in tensile tests. 
 
4.4. Conclusion 
In summary, the large-SSA BN and graphene nanosheets have been successfully 
incorporated into PMMA and PC matrices to form polymeric composites. The 
mechanical strength of BN/PMMA, BN/PC and graphene-nanosheet/PMMA is 
remarkably increased by tens of percents due to the profound interfacial interactions 
between nanosheets and polymer molecules. 
The significant 17-fold-enhanced thermal conductivity together with the 18oC 
increased glass transition temperature for the 23.wt% BN/PMMA is also achieved. 
The outstanding (002)-crystal-plane properties and abundant interfaces of BN 
nanosheets are responsible for such reinforcements in the polymeric composites. BN 
nanosheets provide an interfacial stabilizing effect to increase the thermal stability. 
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The large lateral size of the BN nanosheets results in an easily constructed 
thermoconductive pathway, which determines such high thermal conductivity of 
BN/PMMA composites. Meanwhile, BN/PMMA composites keep high insulating 
properties, decent transparency and moderate dielectric properties. In addition, the 
high throughput of BN nanosheets by “chemical blowing” route is the pre-requisite to 
make polymeric composites. 
The highly insulating thermo-stable thermo-conductive BN/PMMA composites 
fabricated here are thus expected to be valuable for diverse functional applications in 
many fields, especially for the new-generation long-lifetime heat-release packaging 
materials for electrical circuits and power modules. 
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5.1. Overview of the Achievements 
In an overview of the whole work, a new synthesis route, “chemical blowing” 
named by myself, is completely established. This route relies on blowing the large 
thin-walled polymeric bubbles and subsequently annealing. It successfully realizes the 
mass production of a series of sp2-hybridized nanosheets for the first time, including 
BN, Cx-BN and graphene nanosheets. Based on the excellent thermal and mechanical 
properties, high yield and throughput and large lateral dimensions of these nanosheets, 
they are favorably applied to making the novel polymeric composites with reinforced 
functionalities, which enable their practical applications in electronic packing. 
The presented technique is thus added as a new member into the synthesis family 
of 2D nanosheets, which opens up a wide horizon for the analogous fabrication of 
others. The currently produced low-cost and high-yield BN and graphene nanosheets 
may easily be scaled up toward large-scale applications. This must lead to the full 
realization of their rich potentials in nanotechnology. The detailed contributions are 
listed in the next Sections. 
 
 (I) Synthesis and Applications of BN Nanosheets 
BN nanosheets are successfully produced at a high yield through a facile 
no-catalyst no-substrate “chemical blowing” route. The yield reaches up to 40 wt. % 
using an optimized heating rate of 8oC/min and an atmospheric pressure. The 
hexagonal crystalline BN nanosheets feature the large lateral dimensions, the 
ultra-thin thickness and a large surface area. The demonstrated ultraviolet and yellow 
luminescence of such BN nanosheets indicates their potentials in the solid-state 
lighting, ultraviolet screens and full-color optical devices. 
The BN nanosheets are incorporated into polymer matrices to remarkably 
enhance the performances of the composite materials. A 23.wt% BN-filled PMMA 
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composite with significant 17-fold-enhanced thermal conductivity together with the 
18oC increased glass transition temperature is achieved. The large lateral dimension of 
BN nanosheets is the key point to determine such high reinforcements. The BN-filled 
composites thus are envisaged to be valuable for insulating long-lifetime heat-release 
packaging for electrical circuits and power modules. 
The abundant production and excellent performances of BN nanosheets must 
highly accelerate their exciting fundamental explorations, and enable their effective 
integration into modern composite materials. 
 
(II) Synthesis and Properties of Cx-BN Nanosheets 
Cx-BN nanosheets are fabricated by a “chemical blowing” production in an 
ethanol atmosphere. Carbon fractions are largely regulated in 14-27%. 
Phase-separated structures of Cx-BN nanosheets are identified. Their bandgaps and 
conductivities are delicately tuned in a large rang of 0.01-10 S/m under modifying 
carbon contents, according to the quantum confinement effect. 
The Cx-BN nanosheets with tunable semiconductivity have wide applications in 
light detectors, gas sensors and electronics. The realized Cx-BN nanosheets here 
would promote the realization of their potentials in the nearest future. 
 
(III) Synthesis and Applications of Graphene Nanosheets 
Graphene nanosheets are produced through an ammonium-assistant “chemical 
blowing” consisting of heating a mixture of glucose and NH4Cl. The ammonium salt 
serves as an exotic blowing agent to well blow the glucose-derived polymer bubbles. 
Nanosheets are obtained through further annealing and refinement. The produced 
graphene nanosheets possess large lateral dimensions, high electrical conductivity as 
well as a large surface area. These properties ensure their high performance in an 
electrochemical capacitor. The mechanical reinforcement of the graphene nanosheets 
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to a PMMA matrix is also revealed due to the profound interfacial interactions. 
The presented low-cost high-quality graphene nanosheets must enable their 
plentiful potentials in nanotechnology, which are especially meaningful for novel 
electrodes, additives, sorbents, supports and catalysts. 
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5.2. Pursuing Efforts and Future Perspective 
(I) Precise Control of “Chemical Blowing” 
In the “chemical blowing”, the suitable match between gas-release of blowing 
agents and curing of polymer matrix is the key factor to make resultant decent bubble 
foams. The bubbles are too small or ruptured under mismatched blowing-curing. In 
plan, the match will be optimized through controlling heating rate. In the primary 
study, it is found that more released effective gas, i.e., more gas released when the 
polymer bubbles are soft, will leads to larger bubbles and thinner graphene walls. 
 
(II) Explorations on the Synthesis of New Nanosheets 
The core idea of “bubble blowing” is valuable to synthesize new-type nanosheets, 
such as Si, P and S-doped BN and graphene nanosheets, and sulfide and metal 
nanosheets. The related explorations on the appropriate polymeric precursors are in 
progress. 
The intermediates in making BN and graphene nanosheets, BNH and melanoidin 
bubbles in Chapters 2 & 3, have been the potential resources toward their 
corresponding new nanosheets, which have smart applications in luminescence, 
coloring and catalysis. Besides, N-doped graphene nanosheets can be synthesized 
through a similar blowing method starting from glycerin and melamine. They are the 
important member in B-C-N system, and are worth catalyzing diverse chemical 
reactions, such as oxygen reduction reaction and Friedel-Craft acylation. 
Moreover, the “bubble blowing” technology envisions a potential use for the 
synthesis of homogenous BCxN nanosheets, which may be obtained from 
homogenous precursors using a bottom-up method such as the one developed by me. 
Although there is a hard work ahead to fabricate homogenous multicomponent 2D 
nanosheets, the technology established here is envisaged to provide a general path. 
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 (III) Developments for Diverse Applications of B-C-N-System Nanosheets 
The achieved BN, Cx-BN and graphene nanosheets are in fact inorganic 
non-metallic materials from a viewpoint of the Materials Science. Their intrinsic and 
composite potentials cover a wide application field. I have documented only two 
successful representative applications of BN and graphene nanosheets in this Thesis, 
i.e., polymeric composites and supercapacitors, out of more many possibilities. 
Currently, I am pursuing the explorations on the catalysis of C3N4 and CNx 
nanosheets, sensors/detectors made of graphene nanosheets, the luminescence of 
Cx-BN, O-doped BN and BNH nanosheets, and lithium ion batteries utilizing 
graphene or doped graphene electrodes. The studies on oil adsorption and heavy metal 
ion filtering in the polluted water, on the supported electrodes such as those made of 
Fe2O3/graphene, RuOx/graphene, MnOx/graphene, NiO/graphene and on the 
supported catalysts such as Co3O4/graphene, Pt/graphene, TiO2/graphene are also in 
plans. The other applications including cords, metallic composites, ceramic 
composites, chemical catalysts and lubricants of BN and graphene nanosheets are also 
proposing and awaiting the collaborative efforts. 
I believe that this new technology and related new-structured materials must 
stimulate the social progress, bring many new benefits to our world and change our 
lifestyles in the nearest future. There is a wide horizon ahead. 
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